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ABSTRACT

The Modular Acoustlc System 1s a broadband general purpose
acoustic measurement system desipgned for use on the submersible
ALVIN. This report dlscusses four general areas for experimental
rasearch where the design reatures of the System, coupled with

ALVIN's special capablilities, are particularly aprropriate. The
areas are: :

1. Bottom reflectivity as a function of bhoth frequency and
angle of incidence, with particular attention to the porosity created
in marine sediments by large populations of marine tube-building
organisms, including polychaete worms and pogonophorans.

2. Scattering, as a function of frequency, from fish of the

deep scattering layer in those special cases where only one species
and one size of fish 1is present.

3. Measurement of the small-scale topography of the ocean
bottom, and relation of that topography to scattering of energy
measured as a functlon of frequency and angle.

4, Near-bottom seismic profiling at 3.5 kHz and higher fre-
quencies,

In each case, attention is given to relevant theory, des-
cription of the environmental factors including possibles sites,
instrumentation needed 1n addition to the Modular Acoustic System,
and discussion of other measurements that should be made to pro-

vide better correlation of acoustic results with the environmental %
factors.
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l. INTRODUCTION

Ir this report, we describe several experiments that could be
m:de with the Modular Acoustic System, now nearing completion,
while it is mounted on the deep submergence research vehicle ALVIN,

Developient of the Modular Acoustic System began in late 1972.
It i1s 2 part of the instrument development program fcr ALVIN that
the Advanced Research Projezts Agency of the Department of Defense
started funding in 1970. The vehicle itself had been designed,
built, and operated with Office of Naval Research funds from 16
June 1961 to 31 December 1975. Experiments conducted on ALVIN
during that period have been summarized in the Woods Hole Oceano-
graphic Institutic.a technical report WHOI-74-60 (1974). ONR sup-
port culminated in the installation of a titanium sphere tuaat in-
creased the depth capability of ALVIN to 12,000 ft. ‘

The ARPA contract has funded a sorles of instruments, all
designed to enhance ALVIN's measurement capablillties and, simul-
taneously, to cmploy high-level, high-risk technclogy. The Modular
Acoustlic System 1s one of the series; the first tests of this
acoustic instrumentation system on ALVIN in May 1975 disclosed
some residual problems expected to be resolved by December 1975.

Features of *the system are dlscussed fully in the original
proposal to ARPA (McElroy and Hess, 1972) and in McElroy (1975).
Briefly, the system is comnosed of an external transducer mount
that 1s trainable in wzimuth and elevation and of three inter-
changeable transducers, detuned to cover the frequency range fiom
2 to U5 kHz. Extensive operator control over parameters such as
transducer position, operating frequency and pulse length, and

spectral scanning is possible with eilther a manual control system
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or a more complicated computerized system. Data loggers, analog
tape recorders, and the comhuter record various operating para-
meters and experimental acoustlc returns. A visual display is
avallable for use during a dive to permlt optimlzation of experi-

mental conditions; for instance, the frequency spacling 1in spectral
measurements can be adjusted, based on the appearance of a measured
spectrum,

Wher, the Modular Acoustlc System is mounted on ALVIN, the
experimenter ce., acoustically sample a much smaller surface or
volume than is possible with transducer systems operating at the
surface. Data comparisons can be made with results from other
on=-site Instrumental packages, such as rock hammers and drills,
and plankton nets, already developed for use on ALVIN,

We believe that tre addition of the Modular Azoustlic System
will enhance the uniqueness of ALVIN, displayed most recently 1n
studies of the mid-Atlantic ridge during Project FAMOUS. During
that project, observers tralned in the geological and geodphysical

sclences recorded detalls of the immedlate environs of the rift
valley (Ballard, 1975; Heirtzler, 1975; Heirtzler and Bryan, 1975;
Hammond, 1975).

e moany
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ALVIN's abillty to come close to areas of Interest in the
deep sea, demonstrated clearly during Project FAMOUS, would be

[U——
I e ...]
e s

comblined with the Modular Acoustic System, in the experiments
suggested in this report, to provide iInformation not easily at-

tainable by other means.

In planning these experiments, we have attempted to answer

* What 1s the sclentiflc or technical question to be answered?

0
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~“What 1s the relevant mathematical formalism, provided it

exlsts?

How might the experiment be carried out, givihg attention

~ to the geographic area and season of the year, 1f appropriate,

and to those portions of the system necessary for the ex-
periment? Instrumental features that do not exist, but which
might be added, are considered.

~ What other measurements could be made nearly simultaneously

that could enhance the relevance or Interpretabllity of
the acoustic results?

The experimental problems specifically addressed in this

report are:

Studies of bdttom reflectlivity in the presence of tube-
building marine organisms (Sec. 2).

Volume reverberation, particularly in areas where a single
species 1s present (Sec. 3).

Bottom topography descriptions, both for geomorphological
purposer and as a means of determining the bottom parameters
relevant to scattering experiments (Sec. U).

Near-bottom seismic profiling at 3.5 kHz (Sec. 5).

it e L el ST Clia
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2. BOTTOM REFLECTIVITY WITH SPECIAL ATTENTION TO THE EFFECTS

OF TUBE-BUILDING MARINE ORGANISMS

2.1 Ihtroducfory Comments

In this section, we discuss acoustic studies of ocean bottoms
lying within the 12,000-ft depth range of ALVIN. In many regions,
the bottom is composed of sediments that are porous. The porosity
arises either from the very small interstitial spaces between
sedlmentary grains or from a new source we consider: the network
of tubes created by certain marine ofganisms. We emphasize this
latter cause and examine the polychaete worm Hyalinceeia and the
pogonophorans as specific examples. ;Reflectivity as a function
of both frequency and angle is considered when the sediments have

been modified by these tube-builders. We discuss possible sites

for experiments in general terms because of the limited data on
densities of benthic fauna. ’

The reflection coefficient of sound incident on a surface
is a function of the sound velocities, densities,”and attenuation
in the two medla separated by the surface as well as a function
of the angle of incidence (Morse and Ingard, 1968). A séries of
plots for this coefficient vs angle for a number of possible con-
ditions at the interface of ocean and sedimentary bottoms is found
in MacKenzie (1960); the modifications to the reflectivity due to
attenuation in the bottom are illustrated.

If the attenuation and sound velocity in ocean bottom sedi-
ments are frequency dependent, then the reflection coefficient
will in general be a function cf frequency, as the following over
simplified equation shows (Eq. 2.1). It 1s the reflection co-
efficient at a liquid-liquid interface, such as would be appropriate

R R T
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if the bottom could not suppocrt transverse waves (Brekhovskikh,
1960, Eqs.i3.l6, 3.17, 3.10).

|V| = Reflection coefficient

pzcz plcl

cosb, ~ cos?9, _ .
= o T (2.1)

+
cosf, cos9,

1,

e 2 ‘ 1%
cosb, = [1 - (5—2-) sin®e, o (2.2)
1

where index 1 applies to the upper medium (sea water) and index 2
applies to the lower (sediment) (Fig. 2.1). The c¢'s are th: sound
velocities in the two media and the p's are the densities; c, and
6, can be complex; a complex ¢, occurs for a lossy medium, while
complex ea ocecurs for both a complex c2 and angles el in excess

of the critical angle.

The veloclty ¢, occurs 1n the expression for a plane wave
in the form

1w
- zcose2

-1k, zensH, .

e . = e

for propagation in the -z direction. 1If the phase veloecity in
medium two 1s represented by v, and the attenuation per unit
distance by a,, then k, can be reexpressed as (MacKenzie, 1960)

k, = w/v, + ia, . (2.3)

o b LA AL R B 1 i o B it e A et ik ol dbhsr il e A ? i
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Solving for ¢, gives | S

a, 2|71 o, l G, 2171 P
\ %
1 +(-(I)— Vz) -1 e vle i +( % Vz) .. | (2.4) Lo

This expresslon for c, permits evaluation of the reflection co- %
efficient (Eq. 2.1) both for arbitrary phase veloclity and attenua-
tion in the lower medium, - ) o

c

2 TV, X

However, this form of ¢, proves to be unduly complicated for
ocean sediments, since (a,/w)v, is much less than 1. When attenua-
tion values from Fig. 1 of Hamilton (1974) are used, (az/w)v2
is less than 0.003, and ¢, simplif!~as to

I

c, = v, = i(a,/w) vi . (2.5)

Extenslve measurements of phase velocity and attenuation have
been reported in the literature and summarized by Hamilton (1974). i‘é
With firmness, he concludes that the phase velocity is nondispersive,
and that a; shows dépendence on the first power of frequency. The
immediate implication from Egs. 2.4 and 2.5 is that c¢,, and hence
the reflection coefflcient, are independent of frequency.

This fact has an immediate bearing nn the applicability of

- the Modular Acoustic System to measurements of the spectral pro-
perties of bottom sediments; to the degree to which Hamilton's
assessment 1is true, spectral measurements of reflectivity would be
unproductive. However, a series of experiments to confirm Hamllton's
position would be useful, particularly in view of the scatter in
the data on which Hamilton bases his judgmént. Of even greater o
interest would be a serles of spectral measurements on bottom

i
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sediments that deviate significantly from usual laboratory condi-

tions or from the condltions encountered in many at-sea experiments.
The highly porous sediments that result from the burrowing acti-
vities of large populations of living organisms, such as marine

worms, could provide the basls for these experlments.

: 2.2 The Porous Features of Sediments

Investigators have'been concerrnied with very small-scale poro-

sity in sediments arising from the Intermixture of water and the
individual particles of the sedimentary material, The resultant
sediments vary from those that are in large measure water to

those partially-consoiidated sediments that have little pore water.

The most extensive theoretical investigations are those of

N Biot (195€a,b; 1962a,b), recently reexamined by Stoll (1974). The
%' resulting model includes motion of the fluid relative to the

; viscoelastvic frame, resulting in (1) an effective density for

E? the water up to three times the normal density, and (2) viscous

: loss in the rluld due to boundary layer flow. Later reflnements
added the viscous effects of so0lld grains rubbing against one

another. The net result is a theoretical prediction of a vs
frequency showing a 2nd-power dependence at low frequencles and
a 1/2-power dependence at high frequencies for high-permeability

sedimznts such as sands and turbidites (Stoll, Figs. 2 and 3,

- 1974).% The pore sizes assumed in Stcll's calculations were
E lO'2 to 107" ecm. Phase and group veloclitizs are also predicted
by this theory.

fdigaciator

R AP -

¥These power laws are modified when viscous effects in the solid
are included.
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The formalism 1s elegant and has been profitably applied to
the interactlion of air with porous materials (Morse and Ingard,
1968; Galaitsis and Ingard, 1974; Nolseux et al., 1975). Yet it _
is this viscoelastic model for ocean sediments that Hamilton (1974) Bk
disinisses when he revlews actual measurements of v, and a,. Ap- '
parently, the fluid does not move relative to the frame, and thus

PGS S

losses from thls source do not occur.

There 1s another type of porosity that has not been examined,
however. This porosity 1s the result of the presence of tubular
structures in the surfilcial layers of the sediments, created by
marline organisms such as polychaetes and pogonophorans. These
tubes penetrate the surface and are often of much-larger diameter
than the pores considered by Stoll. Thus, it 1s quite possible
that there could bte significant motion of the fluid relative to !
the frame and, hence, loss. As the denslties of the numbers of |
these animals can be high (creating sediments said to look like ;

Swiss cheese), the effect of numerous tubes could be significant. . i

Biot's (1956a,b) theoretical analysis has direct applica-
bllity, since one of the pore types he conslders is é cylindrical
tube. We will see below that the frequency dependence of viscous ;
losses in a tube 1s dependent on its dlameter; the smaller the
diameter, the higher the frequency at which peaks in the loss per
cycle occur., Thus, the tubes that are smaller in dlameter and
shallower will be associated with structure in attenuation and
dispersion at higher frequencies. The dlameter of these tubes
is much larger than that of the pores normally found in uncon-

solidated sediments, and, hence, may show the dispersive effects
not seen in normal sediments.
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2.3 Living Organisms and Marine Sediment Porosity

Sedimentary infauna, including tube-buillding species, have
been studied extensively 1n shallow water environments, where
many investigators have devoted their professional careers to the
taxonomlc description of the fauna and more recently to important
factors affecting faunal distribution into communities and the
resultanc flow of energy (Rhoads and Young, 1970; Aller and Dodge,
1974). The same questions have been examined in the deep sea
(Rowe, 1971/1972; Grassle et al., 1975), although far less is known
chere. A recent review (Rowe, 1974) contains a number of relevant
comments. For Instance, Rowe notes that the predicted great de-
crease in standing stock and in the rates of life processes in
the deep sea are violated in a number of areas where activity is
great. In thils respect, we consider two types of deep-sea creatures:
polychaetes and pogonophorans. Though each type 1s diflerent in
its evolution and behavior, each lives in a tube, and each has
representative specles that are krown to be in population densities
hligh enough to create porous sediments. For instance, Fauchald
(1975) notes that a polychaete, Hyalinoecia, can have immense den-
sitlies, perhaps attributable to 1its feeding pattern, since it is
a scavenger of large carcasses.

Ivanov (1963), who has studlied pogonophorans in great detail,
writes that they "are numbered amongst the rather common animals
of the oceans. They are found in nearly all seas." Some idea of
the density of these unusual animals 1s given by the experience
of scientists on the British ship, R.R.3. DISCOVERY II, who, while
sampling the ocean bottom, discarded many tons of a matlike material
facetiously called gubbinlidae. Careful consideration after the
fact showed the gubbins to be pogonophorans and their tubes (Car-
lisle, 1963).

11
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Overall, the density cf the ocean bottom infauna 1s highly
variable; Hyalinoeeia populations range from very small to im-
mense (Fauchald, 1975). Fortunately, investigators have some
idea of the effects of these populations on sediments. The shapes
of excavations for shallow water specles have been described and
classified (Seillacher, 1964), and the effects on the mechanical
properties of the sediments observed (Rhoads and Young, 1970;
Fager, 1964). Hyalinoeeita and the pogonophorans with their per-
sistent tubes probably strengthen the sediment, while others
weaken it by their sediment-overturning actions (Rowe, 1974).
Table 1 in Rowe 1s a ready summary of these effects. However,
even those worms that strengthen the ssdiments induce considerable
variance in the geotechnical parameters (A. Richards, cited i1n
Rowe, 1974).

The persis*tence of tubes can be variable. The tubes of some
species decay within weeks of being abandoned (Fager, 1964), while
the tubes of Hyalinoeecia can last 20 or 30 years (VFauchald, 1975).
High persistence of tubes, provided they do not fill wilth silt,
implies a far greater effect on the porosity of the sediments than
one might predlct on the basls of the actual population of worms
at any given time. Tubes in shallow water may he destroyed by
predators which might nct be active in the decp sea [e.g., the
rays mentioned in Fager (1964)]. Pogonophoran tubes are made of
a cellulose (Hyman, 1959). The persistence of this material,
which has the conslstency of soft lesthar, would depend on the
blological acuvivity of the surroundings.

The depth of tubes 1s another important variable in predlcting
acoustic efects. Many of these tube-builders are of great length
compared to their diameter. The depths of their tubes are usually

12
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limited to a small multiple of body length. This implies only a
few centimeters for smaller specles to meters for huge, but prob-
ably rare, individuals. Bezrukov and Romankovic (1960) cite deep=-
sea worms with tubes up to 4 m long. Hyalinozcia tubes are up to
30 cm iong. Fauchald (1975) states that they are buried in the
sediment. A contrary view 1s found in the photographs of Wigley
and Emery (1967), where the tubes are shown lying on the bottom.
However, these may be areas where Hyalinoecia has scavenged;
Fauchald (1975) has observed Hyalinoeeta dragging thelr tubes
toward a newly=-placed carcass.

Pogonophorans have a higher tube length-to-dlameter ratio.
The smallest specles, Stboglinum minutem, has a tube 0.1 mm in
diameter and up to 15 cm long (Ivanov, 1663). The largest species
is Zenkevitehiana longissima, which “as tubes 150 em long (Ivanov,
1963).

Tube depth in some instances may exceed these figures, If
turbidlty currents with a high sediment load bury a reglon sud-
denly, there may be sequentlal layers of tubes with only the top-
most layer containing living organisms.

Although we have concentrated on tube-bullding organisms, we
should mention the other types which can be important in modifying
sediments. There are numerous specles, known as deposlt feeders,
which lngest sediments. Some of these vertically grade the sedi-
ments they ingest (Rhoads and Stanley, 1965) and may modify the
sediment granularity for short periode through their feces (Rhoads,
1963).

The changes 1in granularity and addition of pore water by the
action of the deposit feeders will change the sediment impedance

13
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by changes in both denslty and sound velocity. These changes will
result Iin changes 1n the reflectivity coefficient from area to
area. Jn a glven area, however, there is some questlon whether
there will be any varlation with frequency in the reflectivity,
forvthe changes created by the deposit feeders are just changes

in the pcrosity due to sediment grain size, and it 1s this porosity

'which'Hamilton has c¢laimed 1s not dispersive, as we have discussed

abcve.

. The tube bullders and the deposit feeders comprise a large
portion of the deep-sea infauna, or those animals that live in the
sediment. Others, known as the epifauna, live on or just abcve
the surface. The ilmportance of epifauna lies more in modifications
they make in the surface shape 1tself, and, hence, in the scatter-
ing of acoustic energy at wavelengths comparable to the size of
these disturbances. For instance, the lobster Homarus americanus
(Rowe, 1974) and the crab Geryon quinquedens (Grassle et al.,
1975) create large craters in sediments, and at 1800-m depths on
the Gay Head-Bermuda transect many specles contribute to small-
scale relief in the bottom (Grassle et al., 1975).

2.4 Dispersive Characteristics of Porous Media

Blot's theoretical studies on porous media (1956a,b, 1962a, b)
provide a basis for determining the dependence of phase and group
velocities and of attenuation on frequency. Central to this deter-
mination 1s the characteristic frequency fc, that frequency at
which viscous force caused by boundary layer flow of the fluid over
the surface of the pores is comparable to the inertial force as-
sociated with the acceleration of the fluld mass within the pore.
Biot has evaluated fc for motion through sinuous tubes (1956b,

14
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Eqs. 4.26 and 4.34), the ver; p-nblen we are consiuering:

vg
aZ

£, =2 , (2.6)

3n
where a 1s the tube radius, v 1s the kinematic viscoclity of the
fluld, and § 1s a factor iIntroduced ad hoe to account for sinuousity.

Blot, assumes & lles in or near the range of 1 to 1.5.

For water at 0°C, v = 1,792 x 1072 (Condon and Odishaw, 1967).
Setting £ = 1.5, we get for fC:

TABLE 2.1. CHARACTERISTIC FREQUENCY OF TUBES

adnem | 107° |3 w107 |5 x 107 {1072 107} 1

fc in Hz | 23,000 2500 910 230 2.3 0.023

We will examlne the significance ¢f fc after discussing the
waves generated in the porous medium., Three waves are possible
(two longitudinal and one transverse#*) that involve coupled motions
of the fluid and the supporting solid matrix, 1.e., the sediment.
The longitudinal wave of the first kind (using Biot's terminology)
is the faster of the two longitudinal waves and is one where fluid f
motion and matrlix motion are in phase. For certain relative values
of some of the density and elastic parameters of the solid-fluld
system, these two motions are of the same amplitude, and viscous
attenuation in the fluld goes to zero. This condition, known as r
dynamic compatibility, seems unlikely to occur very often. In 3
the longitudinal wave of the second kind, the veloclty is slower,

#Bjiot calls the longitudinal waves dilatational and the trans- i;
verse waves, rotational. :
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and the motlons of fluld and solld are opposite in phase, resulting
in much larger fluild viscous losses.

Thus, a plane wave 1ncldent on the medium from the water can
exclte three rather than the usual two waves in the solid medium.
We will examine the experimental consequences of this in the sub-
section on reflectivity at oblique incidence.

The characteristie frequency fc is a convenlent freqﬁency with
which to describe the shapes of the veleoclity and attenuation curves,
For instance, attenuation per cycle of transverse waves and longil-
tudinal waves of the first kind peak at frequenci=ss between oné!
and two times the characteristic frequency. Phase and group veio—
citles of all three waves become nondispersive at very high fre=-
gquenciles relative to fc. fo or some small lntegral multiple of it
ls the frequency at which phase and group velocity curves vs fre-
quency show a knee separating the low-frequency reglons where they
are sharply dispersive and the intermediate frequency regions
where they are more slowly dispersive.

For frequencles many times f the attenuation o of all three
waves becomes proporticnal to fg, while the phase velocity hecomes
independent of frequency. Examination of Egs. 2.4 and 2.5 shows
that the complex sound velocity c, is then dependent on frequency
(to the =1/2 power) and hence the reflection coefficient will be
frequency dependent. Some features of the dependence can be in-
ferred from Eq. 2.1 for |V|, although it 1s correct only for one
longltudinal wave in the sedimentary me” "m and not for the three
waves that actually occur. For instar if we represent o, = kf"%,
use Eq. 2.5 for C,os and set 61 = 0 for normal incidence, then

16
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[(o.v.-p.c. )2+ k2p™1p2|*
IVI = 2 2 171 - 2. = : . ) (2.7)
: (pzvg+91°1) + k°f “pj

This expression asymptotically approaches

i R e

(p,v,-pyc,) , , : } 4
(pzvz'}pl‘cl) A . . v _

from above as frequency is increased.

Determination of the reflection coefficient for porous media
requires matching the boundary bonditions simultaneously for the
three waves. That calculation has not been carried out, al-
thpugh thils would need to be done prior to any successful compari-
son of acoustic measurements with sediment properties. The re-
flection coeffilcient vs frequency has been computed for the much
cimpler situation in which the sediment matrix is considered rigid,
so that cnly one wave, the fluid longitudinal wave, is created.
Equation 6.3.16 from Morse and Ingard (1968) is used for the !
reflection coefficient

. 2 2 %
v - ppcp(w+i¢/pp)cosel - p,c,(w?cos®s, + iw(b/pp)2

(2.8)

¥ = e il

1
'ppcp(w-l-icb/pp)cosel + plcl(wzcosze2 + iw<I>/pp)'é

s

3
3
i

4

i

;

i

where pp is the effective density of c¢he fluid in the pores and
is some small multiple of the actual density p,; c; = l/pprQ, the
wave velocity; Kp is the effective compressibility of the fluid;
2 1s the porosity of the sediment (fraction occupied by water);

¢ is the viscous loss parameter, proportional to the absolute
viscosity; and 0,, the refracted angle, is given by

2 - 2 2
cos®f, = 1 - (cp/cl) sin®6, .
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The calculation i1s plottod in Fig. 2.2 for values of pp and
¢ chosen to bring the structure in reflectlvity withlin the frequency
range of the Modular Acoustic System. It can be seen'thét the
variation with frequency 1s strong and that the structure 1is de-
pendent on the angle of incidence.

The conclusion is that reflectivity will show a small depen-
dence on frequency for frequency ranges well above the characteris-
tic frequency and will show sharper structure for ranges spanning
the characteristic frequency.

2.5 Spectral Measurements of Reflectivity

What we might hope to see in a spectrél measurement of ocean
sediments. 1s dependent .on where ﬂgliesnin relation to the frequency
range of the Modular Acoustic System (2 to ‘45 kHz) for tubes of
living organisms. We will discuss the sites of possiblé experi-
ments 1in more detail in Sec. 2.11. For the moment, let us consider
three sizes of tubes. Rowe (1975) has been investigating a region
with a high density of abandoned tubes that are about 1 ci1 in
diameter. Hyalinocecia tubes are about 0.3 cm in diameter, while
the smallest pogonophoran tutes are 0.1 mm in dlameter. The
characteristic frequency for the first two (Table 2.1) is well
below the lowest frequency of the acoustic system, and so a spectral
measurement of reflectivity would show only slowly varying struc-
ture with frequency or perhaps no structure 1f the asymptotic
value had been reached. However, fc for the small pogonophoran
tube is about 1000 Hz, so that strong structure could be expected
to lie within the frequency range of the system. Measurement of
that structure could in turn be related to the parameters des-
cribing the porous system, namely the density (pll, Piys pzz)
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and elasticity parameters (P,Q,R) (Biot, 1956a), which are both
relatable to the porosity () of the solid-fluld system. Re-
flectivity measurements conducted at normal incldence would ald
in determining these parameters, which could be supplemented
profitably by measurements at oblique incidence. The elasticity
parameters can be determined independently in static tests
(8toll, 1974).

2.6 Reflectivity at Oblique Incidence

Since the Modular Acoustic System uses the same transducer
as sourcevand receliver, 1t measures backscatter rather than re-
flectivity, except at normal incidence. Thus, for measurements
of reflectivity vs angle, additional instrumentation, including
a recelving hydrophone, must be mounted separately from the
submarline. Such a package would have to be deployed separately
and buoyed up from the bottom. However, the additional information
avallable at oblique incidence 1s valuable enough for us to dis-
cuss it here, desplte these instrumental problems.

Measurements of reflectivity as a function of the angle of
incidence should show multiple peaks corresponding to the different
waves exclted in the porous sediment; the angular position of
those peaks should indicate the sound velocity of the wave to
which it corresponds. To see this, we consider Egs. 2.9, 2.10,
and 2,11 (Brekhovskikh, 1960, Eqs. 4.18, 4.25, U4.26). These de-
scribe the reflectlion coefficient for a wave incident from fluid
onto a solid capable of supporting both a transversé and a longi-
tudinal wave. While they do not include the effect of the two
longitudinal waves found in porous media, we can infer some of
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the qualitative effects of multiple waves 1n porous media upon
the reflectivity coefficlent.

These equations are

2 2
v = Z2gcos 262t + Zztsin 262L - Z1

- ; : (2.9)
Z2zcos 262t + Z2tsin 262t + Zl

and Snell's law is given by

;' for the reflection coefficient where the l.pedances are

.

F i 7 = plcl (2.10&)

- 1 cos0, ?

5 ; . £,¢,

E /A , (2.10b)

E : 2% cesb,, 5
g | 2., = PaD2 J{
g 2t coseet {

: g

sind, 5in0,, $in@

T T T TE . (2.11) 3%
> . o3
E As before, the subscript 1 indicates the fluid medium of the in-  %
F’ clident wave and subscript 2 the solid medium of the refracted waves. 3
- The subscripts £ and t refer to longmitudinal and transverse waves, ﬁ
‘ so that 6 :

: ot is the direction of the refracted transverse wave,
]

measured relative to the surface normal. c¢, is the longitudinal

wave velocity, while b, 1s the transverse one.

2 e AT AR

Let us consider what happens to |V| as 6, is increased from i

zero. ¢, will generally be greater than b, so that the nritical
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angle corresponding to the longitudinal wave is encountered first.
At this angle162z = 90°, Z,, becomes infinite and |V| = 1 giving

the first peak (actually a cusp). For 6, greater than this eritical

angle, 222 is;imaginary, and |V| decreases from 1, since the real
parts of the numerator and denominator in the V equation are not
equal. If b, is less than c¢,, there will be no second peak in V.
However, if b; is greater, then at some 6, , 6, = 90°, sin2292t/
cosf,, = 4 sin262t cos®,, = 0, and |V] = 1, since the imaginary

- parts of the numerator and denominator are equal, as are the real
parts (except for sign). For 8, greater than thils second critical
angle, both Z2£ and 222 are imaglnary, ezt’ complex and both
sin®20,, and cQsz262t real, so that.IVI = 1. Thus, |V| reaches

a second maximum at the second critical angle. Substituting

the critical angles in Snell's law, together with 62t = 90° or

059 = 90° as appropriate, gives. the sound velocities b, and c;.

A similar peaking in |V| can be expected when the three waves
of porous medigzare present, except that there should be three
peaks, permittiﬁg as above the determination of the three sound
velocities. However, this development has ignored attenuation.
The effect of attenuation is to reduce V below 1 except at
8, = 90°; the peaks will be flattened somewhat and possibly
obliterated if the attenuation is high enough (Brekhovskikh, 1960,
Fig. 8, p. 20; MacKenzie, 1960, various figures).

These ideaSiare applicable to the Modular Acoustic System,
since 1ts transducer mount is trainable in azimuth and elevation.

Provided attenuation is not oo great (and prior to actual measure-

ments we cannot really say how large it will be), the sound velo-

cities of the three can be determined by observing the three peaks.
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These velocities in turn are relatable to the characteristics
of the porous medium (density and elasticlity terms), and hence to
the effects of the tubes. Since parameters of the porous medium
will differ from site to site as the tubes and their density change,
changes in the structure of reflectivity vs angle can be expected.

In addition, dramatic effects should occur for those cases
(e.g., small pogonophorans) where the characteristic frequency is
within the band of the Modular Acoustic System. PFigures 11 and 12
of Biot (1956b) show the changes in the two longitudinal velocities
wlth frequency. Comparing a measurement of reflectivity vs angle
at two different frequencies, provided they were near fc, should
show a shift in the locatlon of the peaks. In fact, for some fre-
quencies, the longitudinal wave of the second kind might have a
wave velocity less than that of the water, so the third peak mightA
not oécur. As frequency 1s raised and the phase veloclty increases,
the third peak might appear as the veloclty exceeded that of water.

2.7 Spherical Wave Modifications to the Plane Wave Approximation

The reflectivity coefficients discussed above are computed

using a plane wave approximation. However, in many experiments

ALVIN might be so near the bottom that this approximation would
not be vallid. We are then required to consider the modifications
to the theory of reflectivity when the wave front 1s srnherical.
This siltuation may occur in many practical instances, since one
of ALVIN's special advantages is its ability to ccme close to
areas of interest.

As in so much of this work, Brekhovskilikh's presentation is
the most complete and physically ‘instructive (1960, Chap. IV).
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The spherlcal wave 1s expanded into a set of plane waves, both
homogeneous and inhomogeneous (the latter implying attenuation
with depth), and the reflection coefflcient determined. The re=-
flection coefficlents computed from plane wave theory are correct
for the spherical waves except near critlcal angles, provided
le/'c1 1s much greater than 1, where R1 is the distance from the
point of specular reflection on the surface to the recelver., This
is generally easy to attaln evéh for the lowesf frequency of the }i
system, 2 kHz; for a R, value of 2 m, wRy/c, = 16.8.

Brekhovskikh gives a correction term to the reflection
coefficient V(6,) (1960, Egs. 19.36, 19.37) which is

172[V"(8,) + V'(8,) cot® 1/(uwR,/¢c,) . (2.12)

This 1s generally smail so that we can use the plane wave reflection
coefficlent to describe the medium. However, at the critical |
angle, V" is large; if the solid 1s lossless, V" will be infinite,
since V has a cusp at the critical angle.

Fortunately, Brekhovskikh has reexamined the approximation
. 2ading to the correction term 2ited above by carrying out another P
approximate solutlion valid in the vicinity of the critical angle
(150, Sec. 22, Egs. 22.19, 22.20).

This work ylelds a more precise statement of how close 9, . :
can be to the critical angle 6,(crit) and still have the plane ? g
wave reflection coefficient be valid. This statement 1is

(le/cl) (e, - Gl(crit)]2 >> 1 (2.13) %
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and is valid fore1 both less than and greater than the critilcal
angle. If we consider 10 to be much pgreater than 1, and if 0,

is no closer than 2° to the critical angle, then R, must be 980 m
at 2 kHz and 44 m at U5 kHz. If the deviation exceeds 5°, R
must be at least 156 m at 2 kllz and 7 m at 45 kHz.

1

If this condition is not satisfied, then the reflected energy
1s not described by the plane wave reflection coefficient. The
correct reflection coefficlent is (Brekhovskikh, Eg. 22.19)

':'2_ inz
(.]. + "‘_2— + ul.)

uclpl eiw/8

<
[}

—
1

i
1.

1 o X 5in26 (crit)
czpzr(ﬂ)(EET R ) ' ‘

3

where

=
|

1 [eg. -8, (crit)]
-(?'—LURI) sin ——mt ~ . (2.15)

At an angle of incidence equal to the critical angle (n = 0), the
| reflection coefficlient is reduced from 1 as shown by the second
term in the equation above, arising from the creation of the
lateral wave, which propagates along the surface but attenuates
guickly with depth. For this second term to be 1lgnored (le/ch)%
must be much greater than 1. Thils is a far more stringent condition
than that 1lmposed earller that le/o1 be much greater than 1. For
(le/zcl);“ to be equal to 10, R, must be 2390 m at 2 kHz and 106 m
at 45 kHz.

1

These considerations show that we must consider the spherical

nature of the wave front in evaluating reflection coefficients
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near critical angles in many cases where ALVIN 1s within 100 to
1000 m of the reflecting surface. Thls need not be a disadvantage.
For instance, at n = 0 we could carry out a sequence of experi-
ments, varying either range (R,) or frequency (w) and observe the
variation in reflection coefficient predicted by Eq. 2.14. A
regression fit to the data would then yleld the .impedance ratio

There is the possibility of an interesting theoretical investi-
gation 1f one were to incorporate the effects of attenuation in
Brekhovskikh's approach. For instance, his Egs. 19.36 and 19.37,
cited earlier, break down because of slngularities in V' and V";
attenuation removes the cusps from the V curves and hence eliminates
the singularities. Under these conditions, the plane wave approxi-
mation may be valid much closer to the critical angle than is
predicted for the lossless case.

2.8 The Layer Thickness Created by Tube-Building Marine Organisms

The thickness of the porous layer created by tube-building
marline organisms may vary from a few centimeters to & maximum of
a few meters for the largest specles. The wavelength in water of
the frequencles of the Modular Acoustic System vary from 0.75 m
(2 kHz) to 3.3 em (45 kHz)., Thus, the porous layers must be viewed
as thin layers, which nonetheless can be expected to have an effect
on the reflection properties of the bottom. If all tubes stop
suddenly at some depth, an unlikely occurrence, then there will be
a dlscontinuous change in the properties of the sediment, and the
layer will he like a thin film such as found in quarter- and half-
wave plates, resulting in interference effects. It is more likely
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that the population of tubes willl vary with depth resulting in

a continuous change in the sediment properties. If thls variation
is slow enough, the WKB approximation willi hold; this states that
the medium is understandable within the framework of geometrical
opties, and that the sound rays will be refracted, but not re-
flected, as they penetrate the sediment. 1If the population varies
radically at various depths, there will be some reflectlion from
each depth increment, the amount of reflection being heavily de-

- pendent on the shave of the sound veloclty profile and angle of

incidence (Brekhovskikh, 1960, Chap. III, esp. Figs. 76, 77).
This reflected energy will be 1n addition to that from the inter-
face. Prior to acoustic measurement and a more detailed under-
standing of tube population with depth, we cannot say which
approach 1s appropriate. Brekhovskikh provides the theoretical
framework for each of these models. However, closed solutions
are possible for only a very limited set of profiles, so that it
may not be possible to model the actual situation as exactly as
one might wish. |

2.9 Determination of the Reflection Coefficient

The reflectlon coefflicient 1s defined as the fraction of the
incident energy of a plane wave that 1s returned as a second plane’
wave in the specular direction. The plane wave 1s a wave of in-
finite extent in both space and time. The problems arising from
the spherlcal nature of actual wavefronts were discussed previously.
There are additional problems arising from a comblnation of the
short pulse length of the incident acoustic energy and the beam-
pattern of the transducer. Thils results in the actual insonified
area belng a function of both incident angle and of time. Since
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beampattern is a functlon ¢f frequency, the insonified area will
vary with frequency as well, These geometric factors must be
taken into account 1f reflectivity 1s to be computed accurately.
Urick (1967, p. 195) gives a formula appropriate for grazing
inclidence. The more general case of arbltrary incidence is not
easlly determined analytically, but can be computed numerically.
Urick and Hoover (1956) give useful nomograms as functions of
distance from the surface, pulse length and transducer beamwidth
and axis angle. - '

2.10 The Mechanical Properties of Sediments

There ls an alternative approach to the effects of tubular
Inclusions in sedliments. Using a self-consistent approximation
for the energy of crack and needle inclusions in a solid matrix,
various investigators (Walpole, 1969; Wu, 1966; Budiansky and
0'Connell, 1975; O'Connell and Budiansky, 1974) have computed the
modifications to the elastic constants created by the inclusilons.,
The work of 0O'Connell and Budiansky 1is the most recent and most
complete,

All these efforts are "DC" approaches which ignore the motion
of fluild in the pores and the effects of frequency. However, since
they are formulated in terms of the elastic¢ constants, they pro-
vide a good base for a study of the mechanical (also called geo-
technical) properties of the sediments.

O'Connell (1975) has computed cross-over frequencics, above
which fluid in one crack or tube is unable to transfer to another
crack or tube. The transfer mechanisms he considered are (1)
passage of the fluid through the permeable solid between cracks
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and (2) passage at the intersectlon of cracks. In both cases,

he estimates the frequency to be iIn the range of 1 to 10 kHz.

(the range of our Modular Acoustic System); although he feels the
calculation is linexact, so that these frequencles could he off

by one or even two orders of magnitude. Whatever the value of

the cross-over frequency, 1t s a demarcation of frequency reglons
where attenuation mechanisms differ, and hence is a frequency
where reflectlivity could change. We await the publicatlion of his

work for possible inclusion with, and modiflication to, the theories
of Blot described above.

This work also suggests combined geotechnical and acoustic
measurements, where the geotechnlcal parameters are measured by
mechanical means and the longltudinal and transverse wave velo=-
clties are determined acoustically. These acoustically determined
velocltles could then be compared with those computed from the
geotechnical measurements.

2.11 Experimental Sites

The choice of specific sites in which to examine the acoustic
effects of marine organisms on the sediments is difficult because
of the limited information on densities in the deep sea. If a
study of the effect of a particular specles is desired, the depth
range in which it is found can be determined from Menzies, George,
and Rowe (1973), who discuss faunal geographic patterns extensively.
However, this text cannot be countec on to provide an exact latle
tude and longltude where densities are high., Such determlnations
must come from the personal experience of individual benthic
ecologists, based on theilr sampling of the deep. The areas whiceh
we mention below are based mainly on conversations with benthic

29

‘
A e e A bl T y i i 1k %

S b i e AL

oot Stz




Report No. 3110 Bolt Beranek and Newman Inc.

experts at Woods Hole Oceanographic Institute and should be viewed
only as examples,

Rowe (1975) told us of an area, east of Hudson Canyoniin 2000
to 3000 m of water, which has the appearance of a fossil shallow=-
water mud flat., Tubes of high denslity stand vertically off the
bottom like organ pipes. The animals now living in them are not
those that would have created them. The area 1s fossilized in
the sense of belng a foesitl communtty, since the substrate itself
is not rock, but indurated clay. The tubes are about a centimeter
in diameter and up to 50 c¢cm long. There is some question about
how representatlive this area 1s; it may be an o0ld salt marsh,
although its microfauna is not characteristic of near-shore
environments., But whether this kind of fossil community is wide-
spread 1in the ocean or localized, this might be a very productive
area to examine, since the density of tubes 1s high. Note that
for this area the characteristic frequency 1s well below the op-
erating range of the Modular Acoustic System. One possible problem
in making good measurements would be the degree of surface rough-
ness, whlch would cause energy loss through scattering.

Rowe also noted the presence cf Homolampus, a sea urchin,
along the eastern continental rise. It burrows to a depth of 2 ft;
however, its density may be too low to be important. The same
might be said of Molpadia, a sea cucumber, which is found in the
2000~ to 3000-m range and buries up to 20 cm deep (Rhoads and
Young, 1971). Rowe also suggested the means of carrying out a
mere controlled experiment by killing the fauna in an area and
baltlng it to attract opportunistic species. After an appropriate
wait, one would measure the acoustic effects on the sediment and
compare these with measurements made before the bailting. Since
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Hyalinoecia feeds on carcasses, one can generate a Hyalinoécia
colony in this way (Fauchald, 1975), provided the baiting is
carried out withi.. the depth ranges where Hyalinoecia is typically
found. ‘ '

Grassle (1975) felt that the areas described in a recent paper

(Grassle et al., 1975) which 1lie along the Gay~Head—Bermuda transect

would provide a variety of environments where the sedlments were
modified in different ways. Over a depth range of 400 to 2000 m,
theylobserved densities of macrofauna in the range of 1,000 to
8,000 per sq m, based on dredge samples. These exist only in

the top 1 to 2 ¢m of the sedlment. 1In the same depth range,

the megafauna, counted in photographs, showed densities of 0.03
‘to 3.51in the same area (Table 3 of Grassle et al., 1975). Since
the Gay Head-Bermuda transect has been so extensively studied, it
is appealing to consider acoustic measurements in these areas.
However, the depth range of the macrofauna may be too small and
the. density of the megafauna too low for significant effects.
Conversely, there 1is always the possibility of higher-than-average
concentrations at some sites; in fact Grassle et «l. observe and
discuss the patchiness in distributions.

_ More specifically, Grassle et al. note concentrations of
Hyalinoeectia artifex at 500 m and large numbers of the burrowing
cerianthid anemone at 1500 and 1800 m. (This anemone is 1/2- to
3/k-in, in diameter and approximately 5 in. long.)

Incidentally, Grassle et al. observe another unusual bottom
condition that would be worth examining acoustically, although

it is not a tunneling effect, The brittle star, Ophiomueium
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lymant, occurs within the depth range of 1700 to 2170 m and
arfanges itself in a regular pattern relative to its nearest
. neighbor, so that much of the bottom is covered by these animals.

‘Finally, Grassle (1975) mentioned another possible area. His
colleagues, Hessler and Jumars, have done recent work in the San
Diego trough and have observed large densities of balls of mud
about-2 in. to 3 in. in diameter. These balls have many tubules
created by a cirratulid polychaete worm that lives within the ball.
The tubules might be quite smalil in diameter since the worm itsel?
is small — 2 to 3 mm in length. In general, the San Diego trough
‘might be an excellent place to carry out the kinds of experiments
we have been discussing, since it ié a region of higher animal
densities than the Gay Head-Bermuda transect (Crassle et al., 1975,
Table 4 and 5). '

High densities of pogonophorans are found in the Malay archi-
pelago (Ivanov, 1963, p. 128) and the Kurile-Kamchatka trench
(Godeaux, 1974), both of which are well outside the usual range
of ALVIN's operations. Sampling of pogonophorans along the east
coast of the United States has occurred only within the last 10
years (Southward and Brattegard, 1968), but there is no information
on densities.

2.12 Supplemental Instrumentation

Meaningful acoustic experiments must be coupled with sampling
and study of the benthic community and a characterization of the
sediment. There are two types of devices, box cores and photo-
graphy, for sampling the benthos that have immediate applicability
for comparison.with acoustic measurements. They will provide
information on tube diametecr, length, and population density as
a function of depth. '
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A Birge-Ekman box core, 15 x 15 cm, was acquired for ALVIN

under the ARPA grant and used successfully in the Gulf of Malne
Grassle (1975)

feels that the RUM core, which 1s a box core 20 x 20 cm, 1is the

.largest slze thac can be presently used on ALVIN for meaningful

pénetration into the substrate. A speclal platform called SCAMP,
being developed for attachment to ALVIN, will pefmit the sub-
mersible to be anchored to the bottom, With SCAMP, the large.
spade core described by Hessler and Jumarsv(l97h)‘éould be deployed

directly from the submersible. This core is 1/2 m on a side and

is capable of taking relatively undisturbed samples.

Rhoads and Cande (1971) have built a spectal camera that
photographs the sediment structure as a clear wedge is slowly
forced through the sediment. Striking plctures of relatively
undisturbed burrows, tubes, and fecal remains are.taken. Although
this device has been used only in shallow water, Grassle (1975)
informs us that Rhoads has designed a deep-water version.

The detached receiver needed to carry out reflectivity measure-
ments as a function of angle 1s briefly described below, although
it is not our purpose to give a complete design specification.

The height of the receiver abov: the buttom should be con-
trollable from ALVIN, so as to carry out measurements near the
critical angle as a function of R,. It should be broadband and
omnidirectional, relying on the source transducer to provide the
directionality. It might have its own recording system, or, more
preferably, be connected by cable to ALVIN., (This would require
careful negotlation and preplanning with ALVIN personnel.)
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Since/‘maintenance of the proper geometry 1s essentlal in.
these experiments, ALVIN's acoustic navigation system should be

employed.

2.13 Conclusions

In this section, we have considered measurements of reflectivicy -

from marine sediments both as a function of angle and of frequency.
The discussion has been focused on the experimental consequences

of the porosity created by tube-bullding marine organisms, although
a number of the points (such as the attention one must pay to the
spherical nature of the wavefront) apply to any measurements of

bottom propertlies made from ALVIN.

Some measurements, partic farly those made vs frequency,
could be made with the Modular Acoustic System and ALVIN alone.
Others, such as measurements of reflectivity vs angle, require
the implementation of additional instrumentation, not yet designed.

R T T R T T

S S S . NS Y SO TR

34

PP et S oS o, e e b do o FiNE g g el ek e e s s, b YL




PR LTS N RO TR SR

3583 32t

N e

Report No. 3110 Bolt Beranek and Newman Inc.

REFERENCES, SEC. 2

Aller, R.C. and R.E. Dodge . (1974). "Animal-Sediment Relations in

a Tropical Lagoon — Discovery Bay, Jamaica," J. Marine Res.
32:209-232,

Bezrukov, P.L. and A. Romankevic (1960). "Stratigraphy and Litho-
logy of the Sediments in the Northwest Pacific Ocean," Dokl.
Akad. Nauk SSSR 130:417-420, cited in Seilacher (1964), p. 305.

Biot, M.A. (1956a). "Theory of Probagation of Elastic Waves in
a Fluid-Saturated Porous Solid. I. Low-Frequency Range,"
J. Acoust. Soe. Am. 28:168-178,

Biot, M.A. (1956b). "Theory of Propagation of Elastlic Waves in
a Fluid-Saturated Porous Solid. II. Higher Frequency Range,"
J. Aeoust. Soe., Am. 28:179-191,

Biot, M.A. (1962a). "Mechanics of Deformation and Acoustic Propa-
gation in Porous Media," J. dppl. Phys. 33:1482-1498,

Biot, M.A. (1962bL). '"Generalized Theory of Acoustic Propagation
in Porous Dissipative Media," J. Acoust. Soe. Am. 34:1254-1264.

Brekhovskikh, L.M. (1960). Waves in Layered Media (Academic Press,
New York). .

Budiansky, B. and R.J. O'Connell (1975). "Elastic Moduli of a
Cracked Solid." Submitted for publication.

Carlisle, D.B. (1963). Comments appearing in Ivanov (1963) (q.v.),
pp. v, ix.

Condon, E.U. and H. Odishaw (1967). Handbook of Physics (McGraw-
Hill, New York), p». 3-13.

Fager, E. (1964). "Marine Sediments: Effects of a Tube-Building
Polyzhaete," Seience 143:356-359,

Fauchald, K. (1975). Alan Hancock Foundation. Personal communica-

tion via Miss Charlene Long of Bolt Beranek and Newman Inc.

Galaltsis, A.G. and K.U. Ingard (19735- Studies of Sound Absorption

and Attenuation of Sound in Ducts (Massachusetts Institute of
Technology, Cambridge).

35

s be AR b e it et sSSP M st b A LA AP AR A AR Bt A A




R PO S

I TR

Rt e 3 b R R M

BE P AR

§ A e S R

s -

Report No. 311€ Bolt Beranek and Newman Inc.

Godeaux, J.E. A (1974). "II. Phylum Pogonophoré " in Chemical
Zoology, Volume VIII, M, Florkin and B. Scheer, Eds. (Academic
Press, New:York), pp. 25-26.

Grassle, J.F, (1975) Woods Hole Oceanographic Institution..
Personal communication.

Grassle, J.F.; H.L. Sanders, R.R. Hessler, G.T. Rowe, and T, Mc-
Lelian (1975). "Pattern and Zonation: A Study of the Bathyal
Megafauna Usling the Research Submersible ALVIN," Deep-Sea
Regsearch 22:U457-481,

Hamilton, E.L. (197&) "Geoacoustlc Models of the Sea Floor," in
Phyeice of Sound in Marine Sediments, L. Hampton, Ed. (Plenum
Press, New York), pp. 181~ -221.

Hessler, R.R. and P.A. Jumars (1974). "Abyssal Community Analysis
from Replicate Box Cores in the Central North Pacific," Deep-
Sea Research 21:185-209.

Hyman, L.H. (1959). The Invertebrates; Volume 5: The Smaller
Coelomate Groups (McGraw-Hill, New York), pp. 208-227.

Ivanov, A.V. (1963). Pogonophora (Academic Press, London).

MacKenzie, K.V. (1960). "Reflection of Sound from Coastal Bot-
toms," J. Acoust. Soe. Am., 32:221-231.

Menzies, R.J., R.Y. Geurge, and G.T. Rowe (1973). Abyssal Environ-
ment and Ecology of the World Oceans (John Wiley and Sons, New
York).

Morse, P.M. and K.U. Ingard (1968). Theoretical Aconustics
(McGraw-Hill, New York), pp. 252-270.

Noiseux, D.U., N.B. Noiseux, and Y. Kadman (1975). "Development,
Fabrication, and Calibration of a Porous Surface Microphone
in an Aerofoil," Bolt Beranek and Newman Inc., Report No. 3014,

O'Connell, R.J. and B. Budiansky (1974)., "Seismic Velocities in
Dﬁy6and Saturated Cracked Solids," J. Geophys. Res. 79:5412-
542

O'Connell, R.J. (1975). Harvard University, Personal communication.

36




AT+ PO ATt Ao bt 4 A e eer | AeaSen iy petag T e SN A TR BB S ior e Ay AT R A TR IR USTE e ET T - e DS R T ST f

Report No. 3110 _ ' Bolt Beranek and Newman Inc.

R W T ST TR T

L Rhoads, D.C. (1963). "Rates of Sediment Reworking by Yoldia
[ limatula in Buzzards Bay, Massachusetts, and Long Island
Sound," J. Sedimentary Petrology 33:723-727.

Rhoads, D.C. and D. J. Stanley (1965). "Biogenic Graded Bedding,"
J. Sedimentary Petrology 35:956-963.

Rhoads, D.C. (1367). "Biogenic Reworking of Intertidal and Sub=-
tidal Sediments in Barnstable Harbor and Buzzards Bay, Massa-
chusetts," J. Geology 75:461-476,

R T TS

" Rhoads, D.C. and D.K. Young (1970). "The Influence of Deposit-
Feeding Organlsms on Sediment Stability and Community Trophic
Structure," J. Marine Res. 28:150-178.

Rhoads, D.C. and D.K. Young (1971). "Animal-Sediment Relations
in Cape Cod Bay, Massachusetts. II. Reworking by Molpadia
oolitica (Holothuroidea)," Marine Biology 11:255-261.

Rhoads, D.C. and S. Cande (1971). "Sediment Profile Camera for
In Sttu Study of Organism-Sediment Relatlons," Limnology and
Oceanography 16:110-114.

Rowe, G.T. (1971/1972). "The Exploration of Submarine Canyons
and Their Benthic Faunal Assemblages," Proe. Roy. Soe. (Edinburgh)
(B) 73:150-169, '

Rowe, G.T., P.H. Wiebe, J.M, Tcal, and K.L. Smith (1972a).
"Development of Equipment for Use in Deep-0Ocean Biological
Kesearch," in Technical Progress Report, Advanced Marine
Technology, 1 Feb 71 - 381 July 71, WHOI-72-83, A.E. Maxwell
(Woods Hole Oceanographic Institution, Woods Hole, Mass.)
pp. 38-40 and Fig. 11. :

DT T D o DTt o T L, & Lk asy

Rowe, G.T., P.H. Wiebe, J.M, Teal, and K.L. Smith (1972b).
"Development of Equipment for Use in Deep-Ocean Biological ;
Research," in Technical Progress Report, Advanced Marine E

8 Technology, 1 Aug 7?1 - 31 Jan 72, WHOI-72-90, A.E. Maxwell k
F (Woods Hole Oceanographic Institution, Woods Hole, Mass.) A
pp. 63, 60. ;

Rowe, G.T. (1974). "The Effects of the Benthic Fauna on the 3
Physical Properties of Deep-Sea Sediments," in Deep-Sea 3
Sediments - Physical and Mechanical Properties, A. Inder- b
bitzen, Ed. (Plenum Press, New York), pp. 381-400. 3

A e S A e A A i ¥ A b 2 et A colm phe et




Report No. 3110 Bolt Beranek and Newman Inc.

Rowe, G.T. (1975). Woods Hole Oceanographic Institution. Personal
- communication.

Seilacher, A. (1964). "Biogenic Sedimentary Structures," in

Approaches to Paleoecology, J. Imbrie and N. Newell, Eds.,
pp. 296-316.

é'_ Southward, E.C and T. Brattegard (1968). "Pogonophora of the

Northwest Atlantic: North Carolina Region," Bull. Marine ?

g Setence 18:836-875.
% . Stoll, R.D. (1974). ™"Acoustic Waves in Saturated Sediments," in iv
& Physzcs of Sound in Marine Sediments, L. Hampton, Ed. (Plenum

'Ag Press, New York), pp. 19-39.

i Urick, R.J. (1954). "The Backscattering of Sound from a Harbor
{ Bottom," J. Acoust. Soe. Am. 26:231-235.

Urick, R.J. and R.M. Hoover (1956). "Backscattering of Sound from %
the Sea Surface: Its Measurements, Causes, and Application to

the Prediction of Reverberation Levels," J. Acoust. Soc. 4m, ‘
28:1038-1042,

Urick, R.J. (1967). Principles of Underwater Sound for Engineers
(McGraw-Hi11l, New York).

5
5
&
£
e
v
i
g

: Walpole, L.J. (1969). "On the Overall Elastic Moduli of Composite
o Materials," J. Mech. Phys. Solids 17:235-251.

Wiglev, R.L. and K.O. Emery (1967). "Benthic Animals, Particularly
. Hyalinoecia (Annelida) and Ophiomusium (Echinodermata), in Sea-
“rittom T )tographs from the Continental Slope," 1n Deep-Sea

ihotog-uphy, J.B., Hersey, Ed. (Johns Hopkins, Baltimore), pp.
235« 2%9, esp. Pigs. 22-3 and 22-4.

Wu, T.T. (1966). "The Effect of Inclusion Shape on the Elastic

Modu%i of a Two-Phase Material," Int. J. Solids Structures
2:1- .

38

e AU S ek vk S kst =




RESC AL S0 M A ek bl AL AR MR bt & TTppesmImEs T T TUREENT OIS AT ATMEST

o

| et e AR ARAEAPE IO

Report No. 3110 Bolt Beranek and Newman Inc.

3. SPECTRAL MEASUREMENTS OF GROUPS OF A SINGLE SPECIES OF FISH

3.1 Introduction

The deep scattering layer is a pervasive phenomenon found in

most of the world's oceans. As such, 1t can be a problem to active
detection systems in many environments. The United States Navy

has expended considerable sums both in making direct measurements
of deep scattering layer acouétic properties, and in sampling

fish which make up the layer. The combined acoustilc and biological
experiments have had a long-term goal: determining thelr relation-
ship, so that a measurement of one might serve as a predicter of
the other.

An entirely analogous problem occurs in fisheries' scilence.
The National Marine Fisheries Service has the responsibllity of
monitoring and assessing fish resources, so that proper flshing
limits may be determined. The usual methods of fish stock assess-
ment are faunal sampling and monitoring of commercial landings.
Acoustic techniques, if suitably refined, are a logical way of

increasing the efficiency of the Service in its assessment task.

These combined acoustic and biological measurements have
been complicated by the extraordinary complexity of the experimental
situation, especially in the deep scattering layer; often tens of

: =

different fish species may be present at a glven site. 1In this
section, however, we discuss measurements at sites where typically

groups of only one species are found.

Over 80% of the mirrating species making up the deep scatter-
inp layer possess swim bladders (Marshall, 1971, 1960), which as

resonant systems (NDRC, 1946) result in not only pronounced struc-
ture in spectral measurements of the acoustlc returns scattered i
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from the fish, but also far stronger returns than would occur from
the fish alone, 1f they had no bladders. This structure can be re-
lated to the internal pressure in the bladder, the bladder's radius
and distortlon from spherical shape, and various energy loss mechan-

isms 1in the bladder's gas and the surrounding fish tissue (Weston,
1967). '

Thus, there is a relationship between the physiology of a
fish and the acoustic spectra of sound reflected from that fish.
As each specles of fish possesses 1lts own unique physiology, this
relationshlp may be species specific. Establishing the specificity
of this relationship between spectral and physiologlical features
of a single specles of fish requires a number of measurements on
groups of flsh, preferably of one size, known to be pred~minantly
of one speciés. Since laboratory stress may change the character-
istics of larger specles (e.g., anesthetizing fish may relax muscu-
lature and hence change bladder size and stiffness), and since
deep scattering layer specles rarely survive sampling, it is

preferable to carry out these measurements in the natural environment.

3.2 Theoretical Bi.ckground

3.2.1 Bladder equations for a single fish

The theoretically derived formulas for swim-bladder re-
sonance display the relationship between the frequency dependence
of the swim-bladder's scattering cross section and physiological
parameters, such as bladder size and shape and characteristics of
the surrounding tissue. Weston's review article (1967) provides
many of these formulas.
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Using his Eqs. 39 through 47, the bladder scattering cross
section, Ogs is

2 Q-1
r2 . |
os(f) = unnzi(l - --—) + -—} (3.1)
f2 Q2
S .
where the resonant frequency, fo, is
_ 1 _
af 3YPy + B E
£, = (2R)" \——F—— | ' (3.2)

and the resonant-system Q, determined by the loss mechanisms, is
-1 -1 -1 ~1
QS b Qr, + Qt + Qf . . (3-3)

The three components of le are the radiation damping, Q;l, the
thermal damping in the gas within the bladder, Q;‘, and the damping

due to chear motion 1n the fish tissue surrounding the bladder,Q}l.

-1

U = kR | (3.4)

-1 _ 9Y/2P0(Y-l) \)'

Qt = 2w (3‘5)
pwiR? : 0

- Buym

Qfl = ! 2 3 (3'6)
png2

where R 1s the bladder radius, y 1s the ratio of specific heats
of the gas at constant pressure and constant volume, P0 is the
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ambient pressure, p 1s the water density, ui (1l+lu,) 1s the complex
shear modulus of the fish tilssue, ko, is the wave vector correspond-
ing to the resonant frequency, and v' is the thermal diffusivity of
the gas.

Modifications in the resonant frequency for a prolate spheroid
are given by Eq. 13 of Weston (1967), where constant volume is
assumed:

;2
£/, = 2%e'1/3(1-e2)% {1n[1+ 'ezg ] 3 (3.7)
€ 1-(1-e2)7 5

e 1s the ratlo of the major and minor axes of the spherold.

He also discusses the modifilications for other shapes.

3.2.2 Group effects

A measurement at sea examines fish grouped either into ag-

gregations, such as the deep scatterin-, layer, or into more ordered

schools. The acoustic returns from such groups are usually ana-
lyzed to yield the volume scattering strength, Sv(f), which is

the target strength of a unit volume of water. Sv(f) can be
determined from experlimental quantitites, such as range, received
sound pressure level, and send and receive sensitivity, in accord
with the formalism found in Urick (1967). A particular application
of that formalism is found in McElroy and Wing (1971).

Volume scattering strengths are related to the scattering
cross sections by the formula

s,(f) = 10 log,, g ngag (£)/Um (3.8)
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PURUR———

ﬁ where ng 1s the average number of flish per unit volume of a par=

= ticular specles and slze and varies from 107° to 10/m® in deep

. scattering layers (Backus et al., 1968). Since ng is a function

N of position 1n the water volume, Sv(f) will menerally be a functlon
of range from the measuring transducer., In addition, since measure-
ment systems never lnsonify just a unit volume of water, the Sv(f)
determined experimentally will be an average over the actval in-
sonified voiume, which 1s determined by pulse length and beam

pattern.

Sv(f) is the measured quantity and os(f) is the quantity
descriptive of an individual fish. If we are to relate the acoustice
and the physiologlcal measures of a fish species, we must choose an
area where the average Sv(f) measured by an acoustic system (such
as the Modular Acoustic System) 1s determined by only one value of
os(f), that 1s, by an insonified volume of only one species and b
one size. ' ;

Ty The determination of layers where only one species occurs 1s
possible (Sec. 3.5), but restriction to only one size is impossible.
We substitute a requirement of as small a spread in fish slze as
possible. Thils spread in size results in a spread in bladder radius, i
resonant frequency (Eg. 3.2), and scattering cross section (Eq. ;
3.1). If the spread is small, the os(f) determined from Sv(f) '
will look very similar to that described by Eq. 3.1 for the
scattering cross section, except that we will have an effective
Qél for the group (Weston, 1967), rather t?an the le for a single
individual appearing in Eq. 3.1. Thus, Qé will be larger than

'Q;’, corresponding to a further flattening in the resonance curve
described by Eq. 3.1. It should be possible to infer QS from Qg
if the fish in the group are sampled and theilr size distribution
determined.
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_ If the size range of fish of one species 1s not small {as
would occur if both Jjuveniles and adults were present), or if a
number of species are present (as occurs in most deep scattering
layers), then Sv(f) wlill contalin more than one resonance peak,
and/or individual peaks wilill be broadened so much that it is mean-
ingless to talk of a single resonance and a group Qg Under these
circumstances, ildentiflcation of structure in S (f) with individual
specles becomes far more difficult, if not impossible.

These points emphaslze the desirability of selecting experil-
mental areas where Just one species with a small range in size

is found.

E
:

3.2.3 Depth dependence

3

In addition to the effects of specles and size on resonant
fregquencies, there can be a spreadlng caused by the dependence of
resonant frequency on depth (the P, term in Eq. 3.2). An acoustic
pulse will insonify some depth range as a result of pulse length
and transducer beam width. However, the Modular Acoustic System
mounted on a submersible allows minimization of these effects,
since layers and schools of fish can be closely approached. Thais
closeness permlts shorter pulse lengths for a detectable return
and a smaller depth range insonified for a given beamwldth. Sub-
mersibles, such as ALVIN, also permit measurement of scatterers
when they are at thelr greatest depth. Under those circumstances,
the depth range insonified by the sonar results 1In the smallest
relative range 1in P,, and, hence, in the smallest possible varla-
tion in f,. ' i
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3.2.4 Multiple scattering

The determination of volume scattering strehgth mentioned
above (Urick, 1967) presupposes that multiple scattering is neg-
ligible; that is, the energy incident on any given. scatterer 1is
only that‘frOm the source and not from nearby scatterers re-
radiating energy. However, if fish are densely schooled, the
reradiated.enengy.can be significant. For instance, in the Slope
Water (Huntsman, 1924; Iselin, 1936), Where'the layers of Cera-
togcopelus maderensis sometimes coalesce into schools, the density
can reach as high as 10/m?, rather than the more usual 10~ °/m?® in
scattering layers {(Backus et al., 1968). This higher figure implies
a mean spacihg of fish of about 0.4 m. Two qﬁeétions'must then
be asked: (1) 1Is ithe reradiated power at a fish from its neigh-
bors significant cdmparedrto the direct power from the source, and
(2) Is the reactive part of the reradiated field, which at close
range can exceed the resistive part, of significance?

In ¢onsidering the first question, let us suppose there are
two fish (numbered'l and 2) at about the same range,“ro, from
the source which has source level po'at 1 m. Then, the level
at fish No. 1 and at fish No. 2, due to the source (0) are
the same and are

Pyy T Pao = 7 . (3.9)

The pressure at fish No. 2 caused by that pressure reradlated from
fish No. 1.1s

P,, = . (3.10)
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3 § where p, 1s the pressure at 1 m, which has been reradlated from
‘é § fish No. 1, and r,, is the range from fish No. 1 to fish No. 2.
% ; p, 1s easlily estimated using the scattering cross section Ogs and
;] the incident power on fish No. 1.
e p?, .o, P} |
i : S 1 .
H : x T B e— . . lla
pc Em " pe - (3.1ae) :;
SR S : . ) v
P Pio
e p, = — Vo, . ~ (3.11b) SR
? i Comparing the pressure at fish No. 2 reradiated from fish No. 1 . g E
3 with that direct from the source, we gaot :
e — —
e P,, Pp,/r p, Yo /r Yo
& R W & I N M IO s ’ (3.12)

pzo po/ro 2/ pu/Po 2/;1" 1"12

Considering the worst case, when oy is maximum at resonance (f=f0),
Eq. 3.1 gives,

oy = HrR?QZ . | (3.13)

3 Q. 1s estimated to be about 6 (Weston, 1967, p. 73). R, the gas

5 bladder radius, will be estimated from a knowledge that gas blad-
ders occupy about 5% of the volume of fish {(Marshall, 1971, 1960)
and that at the particular site we are considering, the fish are

about 65 mm long (Backus et al., 1968), which implies a displace~
ment volume of about 2.5 cc (Krueger et al., 1975). R is then
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"computed from the equation,

w &=

mR® = 0.05 x 2,5 (3.14)

R = 0,31 cm, Combining these numerical values, we get for the

ratio of reradiated to direct pressure,

¢

RQ,  0.31 x 1072 x 6
P, /Pao = rl'z = 0.0 = 0.047 . (3.15)

Having determined the relacive contribution from one fish to
the flield about another, we can cohsidef the effect of all fish
surrounding the one in question. In a spherical shell of radlus
r and thlckness Ar about the fish, the numbér.of reradiating fish,
AN, 1s

AN = bnriAr ng (3.16)

where n_ = the number per unit volume = 10/m3, "

Since the energy reradiated from one fish at distance r
compared to the direct energy is given by the square of Eq. 3.12,
that due to AN fish 1is ‘

o] . '
unrzArnS 5 = n o AT . (3.17)
Ygpr? :

Power 1is summed, rather than pressures, since the reradiated
energies are incoherent from fish to fish. The total relative

power at the fish in question is given by the integral of Eq. 3.17.

(g
ngo,dr = n_o v, , (3.18)

(=4
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where r  1s given by the size of the school or layer for long
pulses, or by the pulse length for shorter ones (that 1s, short

i compared to school dimensions). For a pulse of length 1, power

f reradiated from the fish iIn a sphere of radius r, = ct/2 will at

| least partially overlap at the fish located at the center of the

; + sphere.  We then have for the reradiated power at the cen%ter of

E the sphere compared to the direct power, the following expression,
| using Eqs. 3.13 and 3.18 !

| ngo.r, = n 4mR*Q %} ) (3.19)

Using the numbers appropriate for Ceratoscopelus maderensis in
the Slope Water schools reported by Backus et al. (1968), this is

, _
n 4mR2Q %} 10 x 2 x 7 x (0.31x107%) x 6 x 1500 x T

o A s R s S O A R &
S CS I i : Y

5.4 1 (3.20)

é’ o Multiple scattering can then be ignored for pulse lengths, T,
g“' such that this number 1s small. For instance, if 1 = 1 msec,
é ' 1t 1is 0.005 and for 10 msec, it is 0.05. However, a pulse of

100 mséc wculd not be short in this context.

% . V The second guestlon 1s concerned with a comparison of the
; far fleld radiated from a source (normally called the resistive
part) and the near field or reactive portion. Equations 7.1.5
and 7.1.7 of Morse and Ingard (1968) show that the ratio of the
reactive to the resistive portions of the radiated field from
both monopoles and dipoles 1s 1/kr, where k 1s the wave vector j
and r the distance. If we set r = 0.4 m, 1/kr is 0.12 at 5 kHz
and 0.03 at 20 kHz. While we had to consider the entire school ;

3
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in determining the resistive portion of the reradiated fileld above,
we need only consider nearest neighbors to the fish in question
when examining the reactive part, because of its faster falloff
with range. There will be 6 to 10 nearest nelghbors, each con-
tributing a relative resistive portion of the field of about'0.0M7
(Eq. 3.15). The reactive portion, relative to the direct, from
all 10_is then (adding powers as abdve),

10 x (0.047)% x (0.12)2 = 0.0003 at 5 kHz and

0.00002 at 12 kHz.

These small numbers show we may ignore the reactive component.

3.3 Experimental Background

Experimental confirmation of spectrai structure due to gas
bladder resonances exlsts both in controlled laboratory experi-
ments and in at-sea experiments. Batzler and Pickwell (1971)
have measured spectral returns from large individual fish in a
pressure chamber that display a resonance peak and 1ts shift
to higher frequencies with increasing pressure. McCartney and
Stubbs (1971) have similar results. Comparisons with the fish
found in deep scattering layers have not yet been made, as these
species have a very poor survival rate when brought to the sur-
face and captured. Obviously, experiments conducted from a sub-
mersible are not subject to such problems.

At-sea broadband measurements have displayed resonance peaks
attributable to gas-bladdered fish (Chapman and Marshall, 1966;
McElroy, 1974). A particularly careful study by Hersey, Backus,
and Hellwig (1962) followed the change in frequency of the peaks

RETIIIRATIN
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as indiyiduaﬁ deep scattering layers moved up and down in accord
o with diurnal migratlon patterns. Two types of layers were
? § ~ identified. 1In one type, resonant frequency varied as the 1/2
; % power of the ambient water pressure occurring a«t the dapth of
3 é._ the layer; this variation corresponded to individual specimens
: of fish in that layer that maintained thelr gas bladders at
c¢on - *ant volume by adding gas as they descended. The second

ty[: .1 layer showed a 5/6th power dependence on ambient pressure,
which corresponded to a constant gas content in the bladder

of individual specimens of fish, regardless of layer depth.

F;E ' These two types of layers, exhilbiting two types of resonant-
frequency . varlation with depth,.obviously cdrrespohd to two

- radically different physiolcgical mechanisms occurring in the

Eﬂ: fishes making up the layers. In the first, each fish must add

5 ' or subtract gas from the bladder as it migrates vertically. Kan-
s wisher and Ebeling (1957) claim that, in spite of the evidence

; that such a phenomenon must occur, the fish cannot attaln the

rates of gas exchange required. 1In the second, the bladder is
inflated and deflated, but 1is restricted to the size range
available to it within the fish.

This, then, 1s the type of physiological question which
could be examined 1n a comblined acoustic- and biological-sampling

% experiment performed where a single species 1is present.

. 3.4 Application of the Modular Acoustic System to Spectral
L Measurements of the Deep Scattering Layer

It should be possible to measure the resonant shape of
scattering cross sections for fishes of the deep scattering layer
grouped either in layers or in schools, using the spectral
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capabilities of the Modular Acoustic System, The System's
directional transducers can be scanned through frequency ranges
of about 3 to 1. These directional transducers are better sulted
to picking out a smaller oceanic volume than the omnldirectional
sources usually used 1n spectral work; these small volumes are
desirable to minimize the broadening of resonance curves created
by a range in pressures, as discussed in Sec. 3.2.3.

By making these measurements repetitively during the diurnal
migration as ALVIN rises or descends with a lay.:., the dependence
of resonant frequency on depth can be determined. The Modular
Acoustic System, operating under computer control, can quickly
scan frequency; a given spectrum can be measured within a 5-min.
period so that reasonably rapid changes can be monitored. Spectral
resolution can be changed during an experiment to display structure
as finely as neuvded, based on observations of the spectra made in
the submersible during a given dive.

Sampling and observation of the layer can be carried out in
the course of the same dive discussed in Sec. 3.0,

There are additional considerations that must be addressed
in implementing these experiments. One arises from the change
in insonified volume as frequency, and hence beamwidth 1s changed.
This change will blur the data somewhat, since the depth range
insonified will vary with frequency.

In addition, the experimenter must insure that the insonified
volume under examination for frequency dependence lies completely
within the layer of fish. If 1t does not, then a changing fraction
of this volume will be actually scattering energy as frequency
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(and hence beamwidth) 1s changed; the result wlll be structure

more attributable to the beamwidth than to the targets of interest.
The closer the experimenter 1s to the target layer, the less llkely
he 1s to examine a voclume in which some portion éontains no fish.
How close he must be 1s determined by the depth of the layer or

the size of the school. In the Slope Water, some schools are suf-
ficlently large (100 m across) to allow the submersible to approach
closely enough to 1nson§r;'zh.individual school without. disturbing
the fish. ]

Others, hc,evef,'are so small (10 m across) (Backus et al.,
1968), that a close approach . ls not possible., An alternative,
under this clrcumstance, 1s to make the measurements from a much
greater range, so that the sound beam insonifies many similar
schools. Then, as frequency and hence insonified volume is changed,
the average density of fish will stay nearly constant. The dis-
advantage of this alternative 1s that the beamwidth wlll result in
a greater depth range of fish being insonified than occurs for
measurements close to schools, and, hence, an undesirable spread
in resonant frequency. Experimenters should be prepared for elther
the small- or large-school condition before arriving at an experi-
mental site. Both sizes of school are encountered in the Slope
Water.

3.5 Experimental Sites

While deep scatterling layers are found throughout the world's
oceans, the problem is to locate those particular areas where a
single species, limited to a small slze range, can be found. We
discuss a number of such areas of different character.

He
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The Slope Water. The Slope Water of the western Atlantic
extends from Cape Hatteras to the Grand Banks and exhlbits its
own temperature-salinity characteristics and coloratlon, distinct
from the continental shelf to the west and the Gulf Stream to
the east (vonArx, 1962). A most striking feature is the special
characteristic of the deep scattering layer; unlike any other
region of the deep ocean (except off Newfoundland), the components
of the DSL are grouped into dense schools during the daytime,
rather than existing in a diffused layer (Backus et al., 1968).
Further, only one specles has peen found 1n these schools; Backus
et al. found individuals of the specles Ceratoscopelus maderensgis
ranging in length from 52 to 73 mm (mean size 62.4 m, a standard
deviation of 2.9 mm). Ceratoscopelus maderensis has a well=-
developed swim bladder.

The fish density in the schools is high, but probably not
high enough .to introduce significant multiple scattering as dis-
cussed in Sec. 3.2.4,

The fact that fish in the Slope Water are clustered into
schools rather than dispersed in diffuse layers imposes restraints
on the relative positlon of the submarine durlng acoustic measure-
ments, as discussed in Sec. 3.4, This problem is counterbalanced
by the relative ease in sampling the fish from the submersible
(discussed below).

There 1s at least one unpredictable aspect to this proposed
area. The dense schooling of Ceratoscopelus maderensis in the
Slope Water does not occur every year. Ior unknown reasons,
there are times when the schools are very small or nonexlstent
(Backus, L974).
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The Cariaco Trench., The Carlaco Trench 1s an oceanic region |
north of Venezuela where the deep scattering layer at 250 m is L.l
composed principally of the myctophid fish, Diaphus taaningi
Norman, (Baird et al., 1974). Balrd et al. found only small
numbers of Steindachneria argentea Goode and Bean and juvenlle
Bregmaceros:nectabanua In addition to the DZaphus. The Diaphus,

same size: average standard length of 40,7 mm, with a standard
deviation of 2.7 mm. The density of Diaphus was estimated by
Baird et al. at 2 per 1000 m®. Populations in the Trench can in
general be expected to be low, on the basis of Baird's work and
that of earlier investigators (Mead, 1963). However, they are
high enough to have been observ:d acoustically as deep scattering
layers (Baird et al., 1974).

In deeper, ancxlc water containing hydrogen sulfide, Bairdg
et al. (1973) have found another layer, also seemingly of Just
one specles — Bregmaceros nectabanus Whitley. This might be a
particularly interesting layer to study in combined acoustic and
ohysiological experiments, because of the adaptlons Bregmacercs
must have made to survive in a hostile environment.

The San Diego Trough. Barham (1971) has reviewed an extensive
series of submersible dives he has made in the San Diego Trough
to observe the deep scattering layer. Hls observations are
visual and did not 1nvolve captures of the observed specimens
to permit positive identification. However, he is a highly skilled
observer of midwater fishes, so that even hils visual impressions
have a high probability of being correct. On p. 102, he noted

observations of swarms of a silver-scaled myctophid (tentatively

3
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identifled as Myctophum aurolaternatum ). On p. 104, he notes
observations of 273 mychtophids in one dive. Between Costa Rica
and Acapulco, Mexico he observed dense swarms of myctophilds,
probably Benthosema panamense, so numerous that some lodged 1in
the submersible superstructure,

ST R AT TR

The implication 1s that there are regilons of the San Dilego

;g : Trough where reasonable densities of single species are likely
EE., to occur. Detalled location of such sites require both the advice

SR of a skilled observer, such as Barham, and attention to season of
. ii the year so that only adults, rather than a mix of adults and

Juveniles, would occur,

General Observations Made by James Craddoek. Craddock (1975)
discussed wlth us his observations and intuitions, based on an

extended period of sampllng the deep scattering layer and on the
reports of his colleagues. He is convinced that individual layers
willl often contaln single species and that densitles of the fish
will be higher than many observers expect. Specific examples he
clited are:

1. Diaphus dumerili 1s caught in large numbers by the
National Marine Fisheries Service off Cape Hatteras.

2. Milliman and Manheim (1968) observed large densities of
a small fish off Hatteras. Craddock surmises (based on the Fish-
erlies' experience) that 1t was Diaphus dumerili, though he admits
no sure identification was possible under the c¢circumstances.

3. Craddock has found 300 individuals of Diretmus argenteus

in the stomach of a porpoise. Obviously, they must have schooled
for this to have occurred, 5
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Gerhardt Krefft has told Craddock of a catch of 15 tons

VDGR TR (RN TR

of one specles of myctophid off the east coast of South America
(2° to 5°N) within the last 5 years. This catch was taken with

the huge nets of the Walther Herwig. Other specles were not
found in slgnificant numobers. ‘

5. Benthosema glaciale make up 95% of the catch taken in
sampling of the deep scattering layer 1n northern waters off

V(Beaumariage, 1975) 1s conducting a controlled experiment in 1975

Labrador. Benthosema 1s caught 1n large numbers.

Controlled Experiments., The National Marine Fisherles Service
at Jeffries‘Ledge, where specific specles of commercial fish are
released into a net and then observed acoustlically, both individually
and in aggregations.,

Such single-frequency measurements could
profitably be supplemented by measurements over a range of frequency.

3.6 Fish Identification and Sampling

One of the Jjustifications for usling ALVIN as a platform from
whlch to make acoustlc measurements of the deep scattering layer
is the possibility of precise identification of the specles con-
tributing tc the scattering. If the sampling 1s carried out from
the surface, using nets deployed from a surface ship, there 1is
concern that the fish one has measured acoustically are not the
same as those sampled. In some cases, where an entire area con-
tains only one species and size, thls concern is of less importance
than 1n others, such as the Cariaco Trench, where other speciles
are known to be present.

Even in the Slope Water, where the schools
are made ur seemingly of only one specles, other specles are , _
present 1n other layers (Backus, 1975). 3
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These problems are resolved to a degree by two procedures:

1. Insurling that a trained observer 1s present in the sub-
mersible during the acoustic measurements and insuring that he
has the opportunity to identify the measured layer by looking
at 1t through a porthole. Barham (1971) observes that the fish
seemed less disturbed if the submersible rose or descended through
the schools or layers than 1f 1t navigated horlizontally through
them,

2., Actualiy sampling the layer measured acoustically by
closing it with a net mounted on the submersible. Backus et al.
(1968) collected large numbers (774) of specimens of Ceratoscopelus
maderensis 1In the Slope Water with a very simple net. In this
area, the density of fish was unusually high. With normal scat-
tering layer densitles, small simple nets cannot be expected to
get a very representative sample. An attempt should be made to
mount as large a net as possible, consistent with the constraints
imposed by the submersibie's small size., It 1s the view of ALVIN's
chief pilot (Wilson, 1975) that such a net should be mounted aft
(when the Modular Accustic System 1is mounted forward) and rigged
so it could be swung down once ALVIN i1s launched. The actual
design of the sampling net requires careful coordination with
ALVIN operating personnel. Should the best efforts at lncreasing
net size be Insufficient, surface sampling would have to be
employed. However, even surface sampling would be preferable to
an operation carried out entirely from the surface, since a trained
observer accompanylng the dive would insure that the specles
sampled was the same as that observed and measured acoustically.

Mention should be made of the plankton sampler designed by
Wiebe (1972a,b) under the ARPA ALVIN contract. This is a sub-
mersible version of the Longhurst-Hardy plankton recorder, which
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maintalins a time record of sampling by collecting the plankton
on a gauze sheet that 1s transported across the back end of the
net., However, the net opening is small enough that it could not’
be expected to collect representative samples of mesopelaglc
fishes of the type making up the dzep scattering layer, except

in the speclal Slope Water circumstdnces of high denslty we have
cited.

3.7 ConcIuéions

Because of the importance of the effect of fish of the deep
scattering layer on sonar operaticns and because acoustic tech-
niques are important to assessment of commercial specles of fish,
experiments designed to relate the acoustic returns from a fish
to the phyusiological charactzristics of the fish have both govern-
mental and commerclal interest. Such experiments would be more
profitably carried out in the open sea than in laboratory experi-
ments which subject fish to stress.

The Modular Acoustic System's spectral capability can be
applied to thils problem. Spectral structure in the scattering
cross section of a fish as a result of its gas bladder 1s re-
latable to its physiology. Shifts in the structure peaks with

changing depth of the fish have additional physiologlcal impllica-
tions.

Successful implementation of such experiments requlres experi-
mental conditions as controlled as nature allows. Sites should
be chosen where only one species of nearly one size are examined.
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4, MICROTOPOGRAPHY AND SCATTERING

4.1 Introductory”Comménts

Deviations of a sgﬁface from complete flatness determine the
scattering of enéfgy‘fiomithat surface at“anﬁles in addition to
that of thex$pecu1ar ré}lection. -Many measurements of scattering
of:aﬁoustic ehergy'from'theﬁécean bottom are carried out under
COndi@ioné wﬁbre the,charactéristic roughness of the bottom i1s
unknown. The'foughnessiﬁaraﬁéteré are inferred from scattering
data on ‘the basis'of@a model that may not "e correct. Urlck (1967)
stated tﬁét thére wefe few data - on roughness power spectra of
ocean bo%boms. More'recehtly, Clay and Leong (1974) describe
thelr owh inferencés of boﬁtom foughnf;s, based solely on echo‘
sounding data. Tﬁéir'erk~émphasizes the deéirability of knowing
the bottom roughness explicitly. Luyendyk's (1969) measurement
of the roughness spectrum with the Scripps' vehicle, Deep Tow,
is one of the few instance? where this roughness has been directly
measured. y i

The direct tie betwéén bottom roughness parametérs due to
the microtopopraphy and the scattering of acoustic energy as a
function of both angle and frequency strongly suggests carrying
out an experiment where both measurements are made in a single
area. The Modular Acoustic System has this capabilility, as we
discuss below.

4.2 Theoretical Background — Scattering

Rather than outline the numerous theories of sound scattering,
we will only discuss the results of two theories which present

the important physical concepts and parameters. The theoriles are
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those of Morse and Ingard (1968) and Clay and Leong (1974). The
latter theory uses a more precise set of assumptions for measure-
ments in the ocean than those found in Morse and Ingard.

The scattered Intensity from a surface of area A, in the x-y
plane‘is given by Eqs. 4.1 through 4.4 (Morse and Ingard, 1968,
Eqs. 8.3.4 and 8.3.12), provided the distance R, of the receiver
from the surface 1s large compared to the dimensions of the area

_Ao*, and provided the maximum displacement of the surface 1is less .

than a wavelength.

cosf, cosé 2
I = 4rr, — K*y*|z(ky) |2, (4.1)
R] [(cos8,+B,) (cos6+B )

where Ii 1s the incident intensity; 61 is the incident angle, and
8 1s the scattered angle, both measured relative to the normal to
the surface; B, 1s the surface admlittance; and k 1s the wave
vector., Yy 1s an angular function involving the components of the
incident and scattered directions in the x-y plane and 1is defined
by

L

2 2
" (ux+uy) L (4,2a)

<
]

where

= k(sineicos¢i ~ s8inbcos¢) (4,20)

=
=
i

¥We have eliminated varlations in surface admittance in thls pre-

sentation of the Morse and Ingard formallsm, since they assume a
point reacting surface, incorrect for the sea floor. A complete
solutlon to the scattering problem should include these effects

for surfaces of extended reaction (defined in Morse and Ingard,
1968).
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uy = k(sineisimb1 - sinfsing¢) . (4.2¢)

¢i and ¢ are azimuthal angles in a system of polar coordinates,

corresponding to the polar angles 04 for the 1ncldent wave and 6
for the scattered (Morse and Ingard, PFigs. 8.7 and 8.9).

The‘characteristics of the bottom are contained in Z(ky),
which is the two-dimensional spatial Fourler transform of the
roughness parameter 5(;A)' £ 1s the deviation in the vertical

-direction of the surface from complete flatness at the point

Xps ¥p ON the bottom (;A = xAi+yAJ). The power spectral denslty
of Z(ky) can be computed from the Fourier transform of the cor-
relation function for the bottom. That function 1is assumed to
be Gausslan by Morse and Ingard and has the form

~L(d2/p?

T ta) = gty eTHATWE) - (4.3)
where <£%> is the rms value of § over the area Ao, d is a hori-
zontal distance variable over which correiation i1s to be deter-

mined, and w, 1s the correlation length. Correlation length can

£
be viewed as a characteristic distance over which correlation of

the deviation & from flatness is significant.
Computing the spatial Fouriler transform of Eg. 4.3 yilelds
{Z(ky)|? “or inclusion in Eg. 4.1.
__kZYZwZ

|7(ky) |2 = -l; Wi <Et> e & (4.b)
m

Equations 4.1 through 4.4 contain the germ of an ocean-bottom
experiment relating microtopography and scattering measurements
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to be performed with the Modular Acoustic System. We measure

the microtopography in an area A, by determining E(?A) through-
out the area as a functlon of the two horlzontal coordinates,

Xp and Yar We then compute the mean-square value of & (<£°>),

and evaluate the spatial autocorrelation function Ti(d) from thue
data. Assuming for the moment that Tg(d) has a Gaussian form,

the correlation length we can be determined. Equation 4.4 for
|Z2(ky)|? immediately follows. Then Eq. 4.1 predicts the scattered
intensity as a function of both angle (ei, 8, and y) and frequency:
, or wavenumber (k). The predicted scattering can then be compared
%ﬁ directly with that measured to test the validity of the theory.

3 | For backscattered energy (the only type which the Modular Acoustic
Ao System can measure until additional instrumentation is implemented
as described in Sec. 2.12), the angular functions in Eq. 4.1

.. While the theory from Morse and Ingard discloses some of

the important parameters such as correlation length and mean-square *]

helght variation, it requires modification for the experimental

conditlons encountered in actual at-sea experiments. Clay and e]u
1
|

simplify as follows: "Q%
; cosf, cos 2 cos"“@ ' i
{ - = iu (4.5) '“i
. (cosei+80) (cosB+B ) (cosei+so) lﬁ§
3 Yy = 2 sinb . (4.6) p
i 1
y

Leong (1974) provide an excellent review of these considerations,
combining theory and experiment 1n a single paper. For instance,
by examining the spectral data of Luyendyk (1969), they determine
an empirical form for Tg(d) and find it 1s better fit by a straight
lir2 than a Gaussian function (Clay and Leong, Eq. 3.6 and Fig. il
3.4), For any actual shape of Tg(d), Z(ky) can be determined by "-f
a spatilal two-dimensional Fourier transform.
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In addition, they reason that the scattered intensity will
be proportional to the area A (as indicated by Eq. 4,1) only 1if
the scale of the roughness (which 1s given by the correlation

length wg) is much less than the radius of the first Fresnel zone,

That radius, r is given by the formula

F\,

1
- ]
rp = (AR/2)% | (4.7)
where X is the wavelength of the sound and R, 1s the range from
source-recelver to the scatfering surface. The radius of the
first zone 1s clearly changed as R, is chanpged. For large R,
ro will be much greater than wa and the scattering proportional

to AU, but as Rl is decreased, and r,, becomes of the order of.

mg’ the surface will be coherent ovei the first Fresnel zone.
Pressures rather than intensities will sum, resulting in a sharp
increase 1n scattered energy in certalin directions. This change
from incoherent to coherent scattering can be measured with the
Modular Acoustic System as ALVIN decreases 1ts range (R,) to the
surface, Typical beam widths of the Modular Acoustic System will
be larger than the first Fresnel zone for most distances. For
instance, this iS true at 35 kHz for Rl > 4,4 m and at 3 kHz for
R, > 0.8 m. Thus, an experiment examining the dependence of
scattered intensity on area may be conducted for all R, greater
than these limits.

- The formalism of Clay and Leong (1974, App. I, Egs. 17 — 29)
is more detalled than that of Morse and Ingard. In addition to
the correlation function Fg(d) (Eq. 4.3), they consider the
probability distribution function of surface heights 1in a simple

form,

W, = e R (4.8)
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this function's modification for shadowing effects at small
grazing angles, and a characteristic funetion. C, determined by

WG and Tg(d). C,, in turn, determines the scattered intensity.
This more complicated formalism may be necessary in some experi-
mental situatlcns where that of Morse and Ingard does not provide

a good match to the data.

By examining the broadening of echo sounder traces, Clay and
Leong are able to set limlts on <52>%. In some areas, they esti-
mate 1t to be less than one centimeter (1974, p. 380). This figure
of 1 cm 1s then an upper limit on the vertical resolution one
might seek, but 1t 1s a limit we are unlikely to attain (Sec. 4.5).

4.3 Determination of Micrdtopography from ALVIN

In any experiment, the first step 1is a determination of the
small-scale topography. The problem is simply stated: knowlng
A’yA)’ what 1s the height
and Ya change 1n a known way?

position in the horizontal plane (x
g(?A) and how does 1t vary as Xp
This question can be answered in either a deterministic or a

statistical way.

4,3.1 Deterministic measurement of g(?A)

X and y, can be determined by the use of the ALVIN naviga-
tion system known as ALNAV. Whille the absolute position, Xp and
Yp» are poorly given by thils system, relative changes in X and
Ya are given with far greater precision. A general discussion
of this accuracy 1s found 1in Sec. 5.3.1, where we see that rela-
tive errors may be less than 1% in the center of a navigation
net. Relatlve changes are all that are really important in
determining spectral amplitudes vs wavevector in the horizontal
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plane of the ocean bottom. Accuraclies will be Best for shorter
wavelengths where the errors in relative position are least,
Py  Absolute errors will increase as wavelength increases, although
L relative errors wlll not increase to the same degree.

; These high relative accuracies are possible along one track,

i but not in directions normal to a track. The acéuracy In the

; I -normal direction is limited by the accuracy with which we can

§}§ o return to a given polint 1n the ocean, since thls determines how

: well we can deflne the separation of two nominally parallel tracks.
As discussed 1in Sec, 5.3.1, this error will be 1.5 m at a minimum.

é?ﬁ?f | Ir many situations, this 1.5-m error would be unacceptably
. large. If so, the 1lnvestigator should think of implehenting the
more precise navigational scheme discussed by Spindel 1n Hunt

et al. (1974), which increases the accuracy in relative positions
by two orders of magnitude using Doppler shift information. This

would be a major development effort.

Alternatively, the statistical sampling scheme described
in Sec. U4.3.2 could be employed in some situations.

The second part of the problem 1s determination of £ once
Xp and y, are known. This can be accomplished acoustically by
driving the high-band transducer of the Modular Acoustic System
at its upper limit, about 45 kHz, while pointing 1t downward.
Cholce of the high frequency gives minimum beamwidth (about 6°)
and minimum penetration into the sediment so the primary return
will be only from the ocean-bottom lnterface.

The 1limit on the accuracy of this measurement of £ 1s fixed
by the accuracy with which relatlve changes in depth are known.
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Obviously, we wish to measure the wlggles in the ocean bottom and
not the apparent wiggles caused by ALVIN's depth fluctuations as
it moves along its survey path. The depth meter on ALVIN has a
readout accuracy of 1 m, which is far too large an error. In
Sec. 4.5, we discuss a straln-gauge depth meter wlth standard
deviation of 2.8 c¢m. Further instrumental developments will re=-

duce this figure in time and hence lmprove the accuracy of the
determination of §£.

4.3.2 Statistical measurement of g(rA)

Scattering measurements are modeled by statistlcal descrip-
tions of the ocean bottom, as we saw 1n Sec. 4,2, These descriptors
include correlation lengths (Eq. 4.3) and probability distribution
functions of the height (Eq. 4.8). Under these circumstances,
where statistical quantities are used, it 1s not necessary to
carry out a precise navigational survey of the ocean bottom., It
is necessary only to sample g(rA) along random stralght-line paths.
We must keep track of the horlzontal separation between vertical
soundings along a glven path to determine the dependence on hori-
zontal wavevector, but 1t is not necessary to know the actual
location of the path within the area A .

For a random sampling method to be meaningful, all parts of
the area Ao should be sampled equally. That is, if PA is the
probability of sampling a small area A within A, PA should be
made nearly constant in value over the area A, by an intelllgent
cholce of the sampling scheme.

We wlll describe one such scheme, compute PA’ and show how
to select a portion of the area A, so that P, can be as arbitrarily
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close to constant as the investigator feels 1s necessary. The
result 1s shown in Fig. 4.2, based on evaluation of an elliptic
integral.

Our sampling area A, 1s a cirecle of radius ry. This could
be set up by implanting a transponder or reflector at the circle
center and then tracing a circle in the sediment with ALVIN as
it maintalins constant range to the transponder. This trace could
be created elther by ALVIN's skid or by tralling some sediment
marker, such as bright pellets, from ALVIN's undersiQe.

In samplling, ALVIN starts at the perimeter and steers a
straight-line course (randomly chosen) until it encounters the
other side of the circle. Height above the bottom and depth are
measured, as discussed in Sec, 4.3.1. Distance along the path
l1s determined by integration of a velocity meter mounted on ALVIN.
For maximum precision, a Doppler bottom-bounce velocity meter
should be installed. When the submersible encounters the far
side of the perimeter, the operator queries a random number
generator giving any angle in the range 0° to 360° with equal
probability. This angle 1s added to the old course to give the
new course; 1if the new course does not lie within the circle,
180° is subtracted.

This geometry is shown in Fig. 4.1, where the large clrcle
1s the area A, of radius r , and ry is the distance from the circle
center to the small area A. The path along which ALVIN steers
is given by the vector r from the point B on the perimeter. The
angle Y has an equal probability of having any value between
-9.” and +90°, because of the random conrse selection procedure
descrilbed in the prior paragraph.
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FIG. 4.1. GEOMETRY FOR STATISTICAL SAMPLING OF THE HEIGHT OF
THE DEVIATIONS OF THE AREA A FROM FLATNESS, E(?A).
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We ask first what 1s the conditional probabllity, PAB‘ of
®3 intersecting area A if we start at B. We pose thlis problem a
1ittle more precisely by supposing we sample an area, also e, ual
to A, under the submersible as 1t travirses 1ts course along r
“ (this is shown by the small circle part way along r). Prp is
: then defined as the probabillity of the center of the area to be
- sampled lying anywhere within the sampling area under the sub-
§ mersible. If we define the radius of the area A as a, then P
is one for 0 £ r £ a4, For greater values of r, PAB will fall
¢ {? off as 1l/r, since any direction is equally probable (¢ 1s random)
; and the arc length in an angular range 4y 1s proportional to r.
PAB then has the form

Tyl

T AT S AT R RN

AB

i - PAB =1 for 0 s r < a

a/r r z a . - (4.9)

We found it necessary to pay specilal attentlon to the range r
L less than a to prevent the solution becoming infinite for r

A = r.ol

BE r 1s cxpressed in terms of the other quantities in Flg. 4.1,
using a trigonometric identity (Dwight, 1957)

p?

= Pﬁ + ri - EPOrA cos® . (4.10)
The probability PA can be calculated from PAB by using the proba-
bility of B lylng at a particular point on the perimeter. Calling
thls probabililty PB, we observe that our sampling scheme 1is not
predisposed to any particular position on the perimeter, so that

d(PB), which 1s the probability of B lying in any incremental
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angle d6, 1s independent of 6.%*

d(Pé) . dae/2n . | ' (4.11)
By integrating over all the possible B posltions, we get PA’ the
probabllity of sampling area A. . -
2m 2m
. as .
P, = | P,, d(P.) -~ a —
A J AB BY I (r24r2-2r' r cos8)”® 2m (h.12)
0 0 0 "A " A

< -
for PA r, a.

The integral (I) in Eq. 4.12 is transformed into an elliptic
integral by the two sequential transformations,

and ‘
¢ ==.§- | (4.13)
T i1
T = as?2 [ dé - dx
i —_ 1, 1
em 1 (r§+?£-2rorAcose)2 T (1~’é+rfx+2rUr-‘b‘cosx)'é
n/2 o -
) gﬁéj 2 R (4.14) -
(r°+ri+2rorA-4rorAs*n ¢)

0

¥The proportionality constant in Eq. 4.11 is given by the number
of traverses by ALVIN. We have not as yet complet.”d this part
of the calculation; it is not necessary to our present calcula-
tion. :
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where we have used the identity cos?¢ = 1 - 2sin?¢.
/2 '
dé: _ 2a 1

1.
(1-k?sin?¢)™ T r 4+ P
0 _ s o O

T=2_a. 1
m ro + PA

where

by r A <
N L (4.16) -
(ro+rA) . ,
and K(k) 1is the complete elliptic‘ihtegra} (Jahnke and Emde, 1945),
which is tabulated. ‘

Finally, if we drop some c¢f fthe additional proportionality
factors, we pet for P,

. i
oA e

N L S — for v, (u']-?)
(| (rotr ) [ 7)) Az o

in Figs, a0, we plot PA at arbitrary radius Tho compared to PA

2y v, = 0, namely,

gyt e e L e (4.18)

oonowWs how well we sample an area at radius Ino compared to

e ter of the circle.
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AND 1.25.
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For r, 2 r, > Ty - oA, the elliptic integral of the first
kind F(¢,0) (Jahnke and Emde, 1945) is the result of the integra-

tion glving P We have used F with a particular cholce of a/ro

A
to evaluate the probability for areas near the perimeter of tne
circle. The result 1s incorporated in Fig, 4.2. Equation 4.18

cannot be used for the entire r, range since K(1) is infinite.

Examination of Fig. 4.2 discloses how to select a portion of
A, so the probability PA i1s nearly constant. A second circle of
radius r, is drawn within the larger circle of radius r,. As r,
is decreased, the degree of constancy improves,

Operationally, one would select the area one wished to measure
acoustically. This would dictate r,. r, is then selected, based
on the degree of EOnstancy in PA which the investigator feels
necessary. Both circles are marked on the sediment. The sub-
mersible then passes back and forth between the limits set by _
the circle A , but measures § only within the smaller circle of
radius r

Other random sampling; schemes can be developed, consistent
with the navigational abilities of ALVIN. Some may give even
better constancy in PA than we have attained here. Our purpose
was to consider a specific useful example and develop the formalism.
Note that our procedure presupposes isotropy in the roughness in
the horizontal plane. 'fhus, it would be an inappropriate pro-

cedure to follow 1if{ the dominant structure was sand waves.

4.4 Scattering Measurements

Once the microtopography has been ascertalned, elther deter-

ministically or statistically, a scattering measurement can be
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oarried out in the sampled area using the Modular Acoustic System.
-The System can be operated over a range of frequencles and over

a full range of values of the angle of 1incldence by uslng the
trainable transducer mount, Section 4.2 shows that scattered
energy depends on both frequency and angle,

A first series of measurements should examine backscattering
only, using ALVIN's common transmitter-receiver., Later measure-
ments could examine scattering at other angies, using additional
instrumentation deployed external to ALVIN (Sec. 2.12). Measure-
‘ments at normal incldence to the bottom will contain reflected as
well as scattered energy, so the dnvestigator will wish to con-
centrate his measurements at other angles. Attentlon must be
given to the area actually insonified, since this 1s dependent
‘on pulse length and angle of incidence (Sec. 2.9),

The final result is a comparison of scattered energy and
theoretical predictions, providing the basis for refinements both
in the theory and the experimental procedures.

4.5 Supplemental Instrumentation

The need for instrumentation in addition to the Modular
Acoustic System has been discnussed in previous sections. These
include the ALNAV navigation system for ALVIN and 1ts refinements
(Sec. 4.3.1), a velocity meter (Sec. 4.3.2), and a detached de-
tector system for scattering measurements other than backscatter

D g s cee s s e o
nida g i e bl

(Sec. 4.4). Detalls on these can be found elsewhere in this :
report (Sees. 2.12 and 5.3.1).

A critically important instrument is a depth meter capable

of measuring relative changes in the submerslible's depth during
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sampling of the microtopography. A worthy candidate ls the Plessey
Environmental Systems Model 4026 Pressure Sensor. This 1s a strain
gaupge whose absolute accuracy and resolution have been enhanced

by temperature compensation., Its depth range is 0 to 20,000 ft,
with an absolute accuracy of *6 ft over a 30-day period. However,
our concern 1s not with an absolute measure of depth, but in
accurately monitoring relative deptﬁ changes. An indication of

the resolution possible is contained 1in tests carrled out in 1970
on this instrument for the US Naval Underwater Sound Lab, New
London, Connecticut (Clausen, 1974).

The first test measured stablllity, based on more than 35
measurements of U- and 2-sec averages of the depth reading when
the gauge wa~ statically loaded with weights. The standard
deviation . the Ud-sec averages was 0.045 psi, corresponding
to 2.8 ecm of depth. The standard deviation for 2-sec averages
corresponded to 3.9 cm of depth. The standard deviation for
other time-period averages can be computed by noting that the
ratlo of the variances [1.93 = (3.9/2.8)?] 1s nearly equal to
the inverse ratio of the two averaging times (2 = U4/2).

The second test measured resolution of a 0.5-psi change in
pressure at the maximum pressure measured by the unit, 10,000 psi.
By averaging 40 measurements of U-sec averages of 10,030.0 psi
and 10,030.5 psi, an averare difference of 0.496 psi was determined.
This 1s quite good, but the submersible 1s motionally unstable
enough that unaverapred measurements would probably be required
every U4 to 10 sec rather than every 160 (= 4 x 40). Thus, the
resolution 1s determined not by these lonper averages but by the
standard deviations determined in the stabllity test (this same
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deviation was déterminéd in the resolution test as well).. Using
two standard deviatlions as an estimate of the accuracy with which
we measure relative changgs in depth, we conclude that the PleSsey

Model 4026 can resolve changes of 6 cm or greater if l-sec averages
are used. ' '

The state of the art may well have advanced since this system
was tested in 1970. Before selecting an actual depth meter, it
would be well to pohsider'newer systems, particularly those made
by Neil Brown Instrument Systems, Falmouth, Massachusetts. '

4.6 Experimental Sites

There should be 1little difficulty in picking out many sites

where the small-scale topography could be examined in the way
described in this section.

A number of speciflc areas lle along the Gay Head-Bermuda
transect, a region that has been studied extensively by benthic
ecologists., Grassle et al. (1975) describe observations of the
bottom topography and fauna made from ALVIN in a number of dif-
ferent depth ranges along this transect. For 1nstance, they
note an unusual small-scale relief, probably created by the red
crab Geryonm quinquedens: "Mounds and depressions, often with
burrows, were everywhere. These mounds werc up to a meter across,

the largest being irregular in form and usually with several
burrow openings."

4.7 Conc]usions

Since microtopography of the ocean bottom and scattering
of acoustic energy by the Lottom have a direct relationshilp to
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one another, it 1s lopical to measure both quantities atl a site

. as a test for particular scattering theories. The Modular Acoustic
'System can be used for both these tasks. ''ne topography can be

l»detormined elther directly, using the ALVIN navipation system to
define the measurement pgeometry, or statistically., In elther case,

" depth variatlons must be measured precisely. An interesting and
“varied set of sites, which have already been examined visually

f@?romﬂALVIN, lie alongy the Gay Head-Bermuda transect.
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i % 5. SEISMIC PROFILING AT 3.5 kHz
- 5.1 Background Discussion

In Sec. 5, we will consider measurements of sub-bottom
s structure using the Modular Acoustlc System on ALVIN, operating
» at 3.5 kHz,

Studies of the sedimentary and rock s ructures underlying
E the sea [{loor have relied heavily on the general set of techniques
t h : known as seismic profiling (Hill, 1963; Maxwell, 1970), These
~ ' i techniques include not only measurements with sources such as

sparkers and alr pguns, which concentrate thelr enerpy at fre-

JR—

H _f quencles 100 Hz and below, bu’ also with echo-sounding transducers
operating at 3.5 kHz. The criterlia for choice of these systems

have included depth of penetration below the sea floor (for which

PR

| the low-frequency systems are used) and fineness of resolution 3

in observed structure (whlch have more often relied on the higher

W

frequency system). Concern about resolutlon has resultcd in the
operation of 12-kHz systems Just above the sea floor with very
short pulse lengths of about 0.2 msec (Dow, 1964, 1975).

T S TR TS P

The correlation of acoustic horlzons with layering in cores
taken 1In the same region is a common goal of geophysical investl-
gators. There have been some 1nstances of striking success, such
as in the Tyrrhenian Basin (Ryan et al., 1965; Hastrup, 1970)
where there 1s wildespread horizontal homogeneity in the sediments.
§ However, other effects have been frustratingly unsuccessful.

: Knott (1975) has mentioned the nearly total lack of success 1n

relating seismic profiling measurements at 3.5 kHz with the core
samples taken 1In the Giant Piston Corer (Holllster et al., 1973}
Silva and Hollister, 1973). The transducer which Knott has
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employed has a 3-dB beamwidth of 30° and is hull-mourited on
surface ships. In typical operating depths of 1000 to 5000 m,
this insonifles large areas of the ocean floor. Except in thoze
rare lnstances where the sea floor and the underlying sedimentary
and rock horlzons are totally smooth, there wlll be significant
energy returns, as a result of scatterinpg processes, at many
angles of incidence other than the angle for specular reflection
(Clay and Leong, 1974). Thus, any one pulse in the acoustiec
measurement samples a wide area which often has variable charac-
terlistics, such as the depth of the horizon. Under these cir-
cumstances, 1t 1s indeed rare that the core, taken at one dis-
crete point, would show the same fine structure as shown in the
acoustlc measurement.,

Part of this same problem with measurements made from the
surface is the pictorial distortion which occurs in the representa-
tions of the bottom and sub-bottom topography found on facsimile
recorders. As the terraln roughens and slopes become steeper,
there are "side echoes" added to the bottom echoes particularly
when the reflector is more concave than the wavefront. With a
single pass over an area, the proper topography cannot be re-
covered, although if multiple passes are made throughouv* the
region the technique of "migration'" may be applied to resolve
many amblguities (Grant and West, 1965).

All these problems arise because the l1lluminated area on
the bottom 1s too larpge. The area, in turn, 1s determined by
the depth and the beamwidth of the transducer. The obvious
solutions are reducing the beamwidth in surface systems or
prlacing the transducer much closer to the ocean floor, Narrower
beamwidths have been implemented in Navy survey ships (Maley et
al., 1974), and the usefulness of placing the transducer closer
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to the ocean floor has been dramatically displayed in Scripps'
towed underwater vehicle, Deep Tow (Lonsdale et al., 197“)

Deep Tow shows penetration of up to 100 m into sediments at N 0
kHz and eliminates many pictorlal distortions with thg,same

4,0 kHz system. R

Operating the Modular Acoustic System with a tuned trans-
ducer at 3.5 kHz should yleld comparable improvements.. When the
submersible skims beneath the ocean surface just 10 m above :the '
bottom, small areas will be illuminated, permitting more accurate
comparison with cores and the construct’or of more accurate maps
of both bottom and sub-bottom topography.

5.2 Penetration into the Bottom

Of immedlate interest 1ls the depth of penetration into the
bottom which one might expect usling the Modular Acoustlic System,
This has not been tested at sea. However, we can make an esti-
mate througl a comparison of the operating parameters of the
Modular Acoustic System with those of two 3.5/4-kHz systems

~ that have successfully penetrated bottom sediments, They are

the Woods Hole Oceanographic Institutlon shipboard system

(Knott, 1975) and the Scripps Institution of Oceanography system,
Deep Tow (Lonsdale et al., 1974; Spiess and Tyce, 1973). Table
5.1 summarizes important operating data supplied by the cilted -
sources. The data for the Modular Acoustic System are found in
McElroy (1975) and unpublished data. The purpose is to estimate
a maximum penetration for the Modular Acoustlic System at both

3.5 kHz and at an alternate hipher trequency (6 kHz) with a
narrower beamwldth.

We wlll employ the simplest possible model in making the
comparison. Equation 5.1 is texken from Clay and Leong (1974,
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Eq. 1.1) and gives the ensemble average of the specularly re-
flected pressure at a receliver, <p>, where the source level at
1 mis p, and the source and receiver distances in the specular
directions areﬁR‘ and Ra’ respectively. <V> 1s the ensemble
average of the reflectivity coefficient.

pO . .

This expresses loss caused by spherical spreading of the specu-
larly reflected wave. For a common source and recelver, R1 =
R, = R. We will 1lgnore the changes in R caused by refractive
effects in the bottom, but willl include the losses due to at-

tenuation in the sediment, a, by modifying Eq. 5.1 as follows:

2

4R? A
R is the sum of two parts,‘Ra and r, -
R= R +r : (5.3)

where Ry, 1s the water depth from source to the bottom, and r

1s the distance into the bcttom to the reflecting surface charac-
terized by reflectivity <V>,

Thus, the model expressed by Eq. 5.2 1s that the intensity
at the receive hydrophone 1is determined (1) by the source level
Py (2) by spherical spreading of the wave from the source into
the sediment down to the reflecting horizon with reflectivity
<V> and back to the source, and (3) by the attenuation in the
sediment over the distance r and back within the sediment.
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We can compute <p>? for the Modular Acoustic System and
equate it to <p>? for either of the two other systems, thereby
determining an estimated value of r for the Modular Acoustic
System. Equatling the two expressions for <p>? assumes that the
signal~to-noise discrimination of the two systems are equivalent.¥
We also assume that the reflection coefficients <V> at the maximum
depth of penetration of each of the systems are equal.

a is determined>from Hamilton (1974), who shows a value of
0.15 dB/m at 3.5 kHz for clayey silt and sllty clay, increasing
to 2 dB/m for sands. Since we are making comparisons for maxi-
mum penetration, we use the 0.15 figure, so that, after con-
verting to decibels,

4,340 = 0.15 dB/m . (5.4)

Dividing Eq. 5.2 for <p>2? for the WHOI or Deep Tow system
(we use superscript "WHOI" for either of these) by that for the
Modular Acoustic System (superscript "sub") and taking logarithms,
we get

(<p>2)""" _ 4 o sub WHOI
10 lo 10 » >2)WHOI = 0 = 20 log Po - 20 log Po
gWHOI, WHOI
+ 20 log R 2(Y.3Ug)WHOI WHOT 5y 4y, ySub,sub
10+p°4

(5.5)

¥We have excluded the recelve sensitivity of the transducers from
this calculation. Receive sensitivity would be critically im-
portant to the determination of signal to noise, were it so low
that the preamplifier noise level in the receive-system electronics
set the noise floor. Actually, for all the systems listed in

Table 5.1, the contribution of noise from state-of-the-art pre-
amplifiers at the frequencies in question (3.5, 4.0, and 6.0 kHz)
is less than sea-state-zero noise, that 1s, less than minimum

nolse levels external to the systems.

&8
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All quantities in this equation are gilven in Table 5.1 except
rsub. Solving for rsub, using the WHOI-surface-system data,

glves

rSYP = 190 m. . A (5.6)

That 1s, based on a comparison with the Wocds Hole surface system,
we might expect a penetration of about 190 m in low attenuation
sediments with the Modular Acoustic System operating at 3.5 kHz.

A similar calculation can be carried out comparing the
penetration of the WHOI system in low attenuation sediments
(0.1%5 dB/m) and the Modular Acoustic System in high attenuation
sediments (2 dR/m). The penetration predicted for the sub-

mersitle system is rsub = 18.5 m.

Lower penetrations are predicted by comparison with the
Decep Tow system than with the WHOI system, possibly as a result
of the shorter pulse lengths Deep Tow uses (0.5 to 1 msec).
In sediments with attenuation of 0.15 dB/m the predicted pene-
tration is 98 m, while in sediments with attenuation of 2 dB/m
the predicted penetration is 11 m.

Although attenuation 1in sediments expressed in dB/m increases
in direct proportion to the frequency (Hamilton, 1974), the
beamwidth of the Modular‘Acoustic System's transducer has de-
creased from 60° at 3.5 kHz to about 40° at 6.0 kHz. This de-
creased beamwlidth may be an advantage in some situations where
increased spatial resolution is necessary, provided the investi-
gator is willing tc accept decreased depth of penetration. The
increased attenuation is slightly offset by an increase in source
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" level by 7 dB at 6.0 kHz compared to 3.5 kHz. The predicted

penetration in low attenuation sediments at 6.0 kHz (0.26 dB/m),
based on a comparison with the WHOI system, is 130 m.

On the basis of these comparisons, the Modular Acoustic
System has more than adequate penetration to study sediments
within the depth range of normal cores or even of the Gliant Pls-
ton Core which can penetrate up to 30 m (Hollister et al., 1974).
The smaller areas of the bottom which it insoniflies make possilble
fine-scale comparisons with these éores. Operations at fre-
quencies other than 3.5 kHz, such as 6.0 kHz, may be appropriate;
even higher frequencles could be selected, based on the pene-
tration of the core, for with higher frequency there is reduced
beamwldth and increased spatial resolution.

5.3 Supplemental Instrumentation

Supplemental instrumentatlion falls into two classes. The
first 1is those components and systems necessary to carry out
the seismic profiling in a meaningful way, and include the ALNAV
navigation system (Hunt et al., 1974), a precise depth indicator,
and a time base analogous to the 60 cycles used in facsimile re-
corders., The second class is coring tools and other sampling
devices for the bottom.

5.3.1 ALNAV

Generally, seismic profiling by ALVIN wbuld be carried out
in a small area which was to be studiled in detall. Investigators
would generally wish to return for such tasks as sampling, coring,
and photography. Thus, it 1s essential to carry out the seismic
profliling survey within a navigational network. That network is

provided by the ALNAV system designed specifically for ALVIN, which

positions ALVIN in three dlmensions.
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Use of the navigation network is not a simple matter. Care
must be taken In setting, the transponders that 1t employs pro-
perly relative to the area to be studied. Otherwise, navigation
errors will be preatly increased. Sincc navipation is 1lmportant
to so many ALVIN operations, including many of an acoustic
character, we reproduce here a summnary of conversations held
wlth William Marquet (1975) concerning navigational accuracy.

Overall, there 15 no simple answer to the accuracy question.
It is dependent on a number of factors, including slant-range
standard error, geometrical errors associated with the ship's
position during transponder net survey, and position of the
submersible relative to the base lines of the transponder net.

There i1s no single summary of errors. Rather, the total

pilcture must be inferred from a variety of documents:

*+ Marquet (1973) shows the "Jjitter" or minimal error as-
sociated with trying to return to the same point after
following an arbitrary course. That error is 1.5 to 2.0 m
(see p. 15 of Marquet for a figure summary of this experi-
ment ).

+ Marquet and Smith (1974) contains the summary of an
error analysis of ALVIN's position, assuming certain
errors in the n=et survey. This summary is taken from

~an unpublished report by James Metzler.

+ Hunt et al. (1974) contains a mathematical analysis of
errors by Smith, piving particular attention to trans-

ponder netwocrk design and surveying.

The navipational problem and its associated errors can be
summarized as follows, after taking note that 1t divides into
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two major parts, net survey and submersible position:

1. Three transponders are placed on the bottom in a nominal
triangle. Six coordinates must be determined: depth fer the
first transponder, depth and x coordinate for the second, and

- depth plus x and y coordinates for the third. The final coordi-

nate of interest — namely, the rotation cf this network relative
to north — has not been determined with any precision nor has
there been an error analysis (Marquet thinks it might be within
one-half of a degree).

2. The transponder positions are determined from slant
ranges to them, taken from six ship positions. These slant
ranges must be calculated from the actual travel times and hence
require a good knowledge of the sound veloclty profile. Making
determination of slant ranges from more than silx positions per-
mits one to calculate the slant-range error. This 1s expressed
as the slant-range standard error (one sigma). From 24 ship’
positions, with a 5000-m baseline in the net and a 5000-m depth,
a sigme of 3.3 m was measured. On two other occaslons, sigmas
of 2.7 m and 0.4 m were determined.

3. The errors 1n the transponder network are, then, these
slant-range standard errors multiplied by a factor as low as
1.5 and as high as 10 to 20. The mulviplication factor is de-
termined from geometry — namely, the position of the ship re-
lative to the net in its six {or more) survey positions. Good
and bad geometry are shown in Hunt et al. (1974). The first
part of the problem 1s now complete; transpoider network accuracy
is given. Marquet (1975) gives a normal multiplicative factor
of 2 for gocd geometry, 3 for slicghtly less good. These are
presumably operatlionaily attalnable factors.
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4, The slanteranpe standard error applies to the deter- _
mination of submersible poslition as well as to the network survey.
The errors are ncw added to glve further errors in position.

and Smith (1974), assuming certaln crrors in the survey and

slant ranpees (theoe varicd from I om to 3 m). The submersible's
position error on the basecline can be huge - 225 m av a trans-
ponder, rising to 350 m;at a point midway boetween two pranspondersf

Well within the network, these réduce to 8 vo 15 m.

5. Note that these errors are absolute errors, l.e.,, ab-
solute position relative to the network. KHoweyer;ithese'érroys
are not a "jitter" error. They‘dre a fixéd error unless the ‘
sound veloclity profile should change significartly. Thus, re-
lative positions will be known with far more prééisioh. Re =
ferrinpg apgain to Fig. 6 on pape 16 of-Marquet and Smith (1U74),
we consider a troverse from a y position of 4800 m, x = 2000 m
to y = 4800, x = 2400. The absolute errors are 12 and 13 m,.
respectively, which means that the error in their relative posi-

“

tions is only 1 m,.

6. This establishes the importance of operating well with-
in the net to reduce both absclute and relative errors. The
charime in absolute evrror as ALVIN changes posifion implies that
the pattern traced out will be distorted, the distortion in-

creasing as range from the startirs point 1increcases.

7. The fact that these errors are nearly fixed and have

relatively little "Jitter" was shown by an experiment in which

3
i
1]
4
M
E

the submersible was repeatedly returned to the same spot on the
ocean floor. Its position at any moment may have been poorly

known in an absolute sense, but fthe unchanpginp character of these

errors was shown by the ability to return within 1.5 to 2 m of ?
the starting point. i
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In cowelusion, an inVestigator must decide whether absolute

or only relatixe positional -aceyracy is important. In elther
??case, minlmum er*ovs ‘oceur when the navigational network is
effproperly eupveyed and ALVIN ooerates well within the network._

AR e e

f55.3{2' Predision depth indicator

ALVIN's Wonion up and down in uhe water column as it makesi”
a tr averse introduces error into the seismic recordinv . Wiggles

.....

1n the boftom shown on AlVIN's display or a facsimile recorder

© could be cauSed e*ther by actual microtopography or by fluctuations
;in ALVIJ’s depth : Precipe‘depth.measurements would eliminate
“this error. Actually, all that is rieeded 1s an indication of

relative change 1in depth, since the absolute value is unimportant
in making the correction. B ’ '

This depth varlation can be used to correct the seismic
profile record after the dive. A more:relegant solution 1s found

‘in Spiees and Tyce (1973), where depth variation 1s used to

delay the keying time of the Deep Tow transmitter.

A detailed conuideration of 1nstrumertation for thils pur-~
pose is found ‘in Sec. 4.5,

5.3.3 Precieion time base

In shipboard seismic profiling, the time base 1s determined
by the facsimile recorder on which the acoustic returns from
sedimentary layers are displayed. When seismic data are taken
in ALVIN and tape recorded, investigators will want to play
back those recordings under a variety of filter conditions and
sweep speeds s0 as to generate the optimum facsimile recorder
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. display.

" . Modular Acoustic System and that 60-cycle time base must be

‘mined ALVIN's path in selsmic profiling an area can be used to

Belt Beranek and Newman Inc.

If this 1s to be accompllshed, a 60-cycle time base,
tiad to the pulse repetitlon rate, must be implemented 1In the

recorded durirg any profiling.

5.3.4 Cov2s

Deep.Cores. Deep coring will stlll need to be controlled

from the surface. However, the navipation network which deter-
gulde a core from the surfuce to the desired site on the bottom.
The ALNAV system has already performed such tasks with a large
array and with devices such as cameras on lonp cables (Hunt

et al., 1974),

Shallow Cores. SEmall cores held by ALVIN's arm have been
designed and built (Winget and McCamis, 1967; VWinget, 1969) but
their penetration 1is siight. Thu rock drill designed under the

ARPA contract can take a corc 2 m long, but cannol be used in

sediments since it c¢logs (von Herzen and Williams, 1972). A é
further problem with the rock drill is its pgreat weight (Wilson, ;s
1975). It cannot be deployed from ALVIN until completion of the
large ancillary platform known as SCAMP, which will have the
strength to support the drill.

R AT )

5.4 Conclusionsg

The Modular Acoustic System operated at 3.5 kHz should have

At hilgher
frequencles, the System should still provide sufricient pene-

excellent penetration in seismic profiling studies.

tration for comparison of accustically determined horizons with
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those shown by cores; operation at the higher frequencies will,
in addition, provide even better spatial resolution than at
3.5 kHz because of the smaller beamwidth,

Seismic profiling experiments from ALVIN will require (1) use
of the navigational information provided by ALNAV, (2) a precise
record of depth changes, and (3) a 60-cycle reference signal.

Coring is a natural adjunct to the collection of seismic
data by ALVIN, Both cun u~ restricted to small areas on the ocean
bottom to better the chances of meanlingful correlation of the
two measurements.
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